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SPINAL, BULBAR AND DECEREBRATE REFLEXES 
| IN THE FORELIMB. 


By FREDERICK R. MILLER. 


(From the Department of Physiology, University of Western Ontario 
Medical School, London, Canada.) | 


THE opinion is generally held that, owing to the extensive nature of the 
dominance of the forelimb by the cerebral cortex, the elementary reflex 


capacities of the limb are insignificant as compared with those of the 


hindlimb. Whilst the more complex movements of the limb are, doubt- 
less, associated with cortical activity there still remains the probability 


_ that the simpler components of the movements have their seat of origin 


in neural subdivisions infracortical in position. It thus becomes a matter 
of interest to determine the reflex potentialities of the forelimb under 
conditions presented by the spinal, the bulbar and the decerebrate animal, 
as well as in the partially decerebellate state. 

Reasoning from inferences based on hindlimb reflexes, one would 
expect in the forelimb a predominance of flexor movements from ipsi- 
lateral, of extensor movements from contralateral, stimulation; exem- 
plification might be anticipated further of the principle of “reciprocal 
innervation,” established as of major importance through the classical 


researches of Sherrington [1893, 1906]; characteristic though it is for 


hindlimb reflexes of flexion and extension, a divergence from reciprocal 
behaviour appears in such postural reflexes as the “positive supporting 
reaction” [Schoen, 1926]; here simultaneous contractions of flexors and 
extensors of forelimb and shoulder may be provoked by pressure on 
the sole of the foot or by dorsiflexion of the digits (“statische Bean- 


Spruchung”). 


In the hindlimb also, the positive supporting reaction reveals itself 
at times by simultaneous contractions of flexors and extensors; at other 
times contraction of extensors occurs with relaxation of flexors [Blake 
Pritchard, 1926]. ‘Closely allied to the studies on the supporting 
reaction are the myographic analyses of forelimb muscles made by 


Denny-Brown and Liddell deviations from: the usual para- 
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digm for hindlimb responses are found in the contraction of the supra- 
spinatus, an extensor muscle, in response to ipsilateral nerve stimulation ; 
also in the unforeseen contraction of the biceps evocable by contralateral 
nerve stimulation. | 

Whilst the studies of Schoen and Blake Pritchard on the sup- 
porting reaction were made in the “thalamic preparation” or in the intact 
animal under ether, my own observations were made under conditions 
in which there was transection of the neuraxis at levels lying in front of 
the midbrain or backward of that; thus, although the motor potentia- 
lities of the limb are more limited under these conditions, the likelihood 
of disturbances from “spontaneous” or extraneous movements is notably 
lessened. Despite the apparent incapacity of the forelimb in the usual 
decerebrate preparation, it was found that a suitable cerebellar ablation, 
which lessened the excess of antigravity tone, disclosed thereby forelimb 
powers previously unsuspected. 

Considering the occurrence of synchronous muscular antagonisms 
as signalized in the researches above mentioned it becomes a matter of 
interest to determine to what extent, if any, the law of reciprocal inner- 
vation finds expression in the forelimb. Since previous work dealt more 
particularly with reflexes of posture, in the present studies the reflex 


_ capabilities of the limb were explored by myographic methods adapted 


rather to the analysis of muscular movements of considerable amplitude, 
such as those of the ordinary step or of simple flexion or extension; for 
this reason recording was by levers acting against light springs, thus 
permitting considerable range of movement; this kind of recording with 
moderate tensions has been used by Sherrington [1908 5] and by 
Graham Brown [1911]. 


METHODS. 


The cat being under deep ether anzsthesia, the brachial plexus was 
exposed by an incision through the axilla and all nerves were severed 


with the exception of those used as afferents and efferents. Sometimes 


the accessorius nerve was divided in the neck, when it seemed desirable 


to eliminate the influence of the trapezius group. Muscles employed as. 


flexors were biceps brachii and brachialis; the first, because of its 
scapular origin from the supraglenoid tubercle, may conceivably act 
as an extensor of the shoulder joint, and its potentialities i in this direction 
were alluded to by Denny-Brown and Liddell; in my own experi- 


ments the biceps conformed in its behaviour mainly with that of an 


ipsilateral flexor, though occasionally yielding contraction from an 
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FORELIMB REFLEXES. 3 


opposite nerve; this latter response appeared, however, to present the 
muscle rather in the réle of a crossed flexor of the elbow. As an elbow 
extensor the caput laterale of triceps brachii was chosen, since 
other subdivisions of this muscle complex are in part shoulder flexors. 

The following preparations were employed in this investigation: 
(1) the spinal animal, transection of the neuraxis having been in the 
neighbourhood of the pyramidal decussation; (2) the bulbar animal, 
transection having been through the corpus trapezoideum region; 
(3) the precollicular or intercollicular decerebrate animal, transection 
having been in front of, or between, the colliculi of the midbrain; (4) the 
precollicular decerebrate animal with lateral cerebellar ablation. 

Decerebration was performed by the trephine method in profound 
narcotization, pressure being maintained on the vertebral arteries with 
the ‘‘decerebration clamp” [Miller, 1930]. To obtain the bulbar con- 
dition a further section was made through the brain stem with a fine 
knife or, in place of trephining, a cut at the correct level was made through 
the skull with a broad microtome knife struck by a mallet. For study of 
the spinal reflexes the animal was decapitated in deep anesthesia ac- 
cording to the technique of Sherrington [1909]. 

‘Recording was usually carried on with the animal prone, the head 


_ being in a holder or, in the case of the decapitate preparation, the neck 


stump being held in a clamp. The trunk was supported in a cotton sling 
or by sand bags. Immobilization was further assured by severance of 
the nerves of the hindlimbs or by division of the spinal cord in the 
midthoracic region; the spines of the lumbar vertebrae were grasped in 
a special clamp. A few records were taken with the animal supine. 

The forelimb was either left intact or amputation was performed 
at the elbow; in the first case the muscles, other than those recorded, 
were rendered ineffective by nerve section or tenotomy; fixation was by 
a clamp grasping the spine of the scapula, by a clamp holding the ole- 


 cranon and by a clamp on the wrist. In the case of the limb amputated 


at the elbow a specially moulded clamp was used to hold the lower end 
of the humerus, the usual clamp being applied to the scapular spine. 


_ All clamps were fastened to uprights secured to the table top. 


The tendons of the muscles were connected by silk threads, travelling 
over small pulleys, to crank levers pulling against light, coiled springs; 
the magnification of each lever was 3-6 times and the range of lever 
tension was calibrated in grammes. Recording was begun with both 


_ levers horizontal; the initial, horizontal tension of the upper, flexor lever 


was then equivalent to 12 g.; increase or decrease of tension resulted in 
| 1—2 
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R, MILLER, 


an upward or downward movement of the lever point, amounting to 
15 mm. per g. The horizontal tension of the lower, extensor lever was 
19 g.; increase or decrease of tension caused an upward or downward 
excursion of 10 mm. per g. Recording was on the Brodie-Starling 
kymograph. 
‘The stimulating current was furnished by a large coil specially con- 
structed by Messrs C. F. Palmer, Ltd.; it was operated by accumulators 
with an ammeter and rheostat in the circuit, whereby the primary 
current was kept constant. The interrupter, which was of alterable 
frequency, vibrated, at highest rate, 30 times per second. At 230 mm. 
distance the secondary current was just appreciable on the tongue. A 
Stoelting inductorium served as an additional coil when required; 
when coreless its current was detectable on the tongue at 120 mm. 
secondary distance. a 
bipolar electrodes of silver wire. 


(1) Spinal animal, 

_ The spinal reflexes of the forelimb recover more slowly “an the 
shock of decapitation than those of the hindlimb; thus, considerable 
recovery may be noted in the hindlimb within 15 minutes, whilst the 
forelimb is still quite paretic.. In the course of half an hour a slight 
palmar flexor reflex appears in the forepaw; it may be evoked by  — 
pinching the central pad of the paw (pad “a” of Mivart, 1881). In 
its early emergence from shock the palmar mst reflex resembles the 
plantar flexor reflex, which is the first to appear in the leg in man 
following spinal cord section [Riddoch, 1917]. A similar plantar reflex 

1923]. 

Shortly after the palmar reflex manifests itself a flexion of the limb __ 
at elbow mi shoulder is evocable by pinching the forepaw. Inthecourse 
of an hour the amplitude of the forelimb reflex attained in one instance 
1-5 cm.; the extent of the hindlimb flexor reflex after the same period was 
roughly ten times as great} effective stimuli are: compression of the paw 

. between the fingers and thumb, the attaching of a small clip to one of = 
: the pads of the paw, or faradization of the paw. The central pad “a” 
yields palmar and elbow flexion more readily than the other pads; the a 
palmar flexion is often clonic in character; palmar flexion may also be = 
elicited from the pisiform pad. The digital pads yield usually elbow — 
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FORELIMB REFLEXES. 5 
flexion only, the pads of the third and fourth digits being the most 


‘effective. 


Pad “a” is supplied by a branch from the median and a branch 


from the mee nerve; severance of both branches abolishes the reflex 


from the pad; also faradization or mechanical stimulation of the central 
end of each nerve yields palmar flexion and elbow flexion; the genuinely 
reflex nature of the pad response is thus clear. Elbow flexion may further 


be evoked by faradization of the central end of the medial cutaneous 
nerve. A flexor reflex of the forelimb was described in the decerebrate 


cat by Sherrington [1910]. My own observations show it as clearly 
present, though less ample, in the spinal preparation. 
_ The reflex above depicted resembles closely that described by 


Riddoch and Buzzard [1921] in a case of hemiplegia; here scratching 
or pinching the palm of the hand yielded slight flexion of fingers and 
wrist with flexion of the elbow. The palmar reflex or “simian grip,” to 


be observed in infants before myelination of the pyramidal tracts, be- 


longs doubtless to the same category [Miller, 1923]. Since the palmar 


reflex is but slightly evocable in the normal adult human being [BShme, 
1927] and in the intact cat, it may be classed among the “release pheno- 


mena” of Hughlings Jackson. 


The crossed extensor reflex is not, in my experience, evocable i in the 
forelimbs during a period of 3 hours after decapitation. The injection 
of strychnine, however, in smaller amount than a convulsive dose, 
causes this reflex to emerge. The potentiality for a spinal, crossed extensor 
reflex therefore exists in the forelimbs as in the hindlimbs; its failure to 


develop after decapitation must be attributed to the more severe de- 


pression of the extensor as compared with the flexor motoneurones. 

Reflex movements are not readily evocable in the forelimbs from 
hindlimb stimulation, unlike the effects obtainable in the decerebrate 
condition. However, stimulation of the forepaw evokes flexion in the 
ipsilateral hindlimb, followed by bilateral kicking, a reflex picture differ- 
ent from that in the decerebrate preparation. 

Myograms. The myogram of the spinal reflex contraction of biceps as 
evoked by stimulation of an afferent nerve of the same limb is like that 


of a hindlimb flexor muscle during the ipsilateral reflex, recording being 


by levers of similar type in both cases (Figs. 1 and 3); thus there is close 
resemblance between biceps contraction and the “spinal” type of tibialis 
anterior contraction [Graham Brown, 1913, Fig. 16]. Considerable 
similarity is shown further to flexor records obtained with the torsion 
myograph [Liddell and Sherrington, 1924 6], the biceps myogram 
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stimulus, of processes of excitation and 


- sequent rebound. A similar triceps response 


6 MILLER. 


exhibiting the abrupt rise of the réaction d’emblée, a plateau sustained or 
gradually falling, a sharp “angle” and a small after-discharge [Liddell 
and Sherrington, 1924c; Fulton, 1926; 
Sherrington, 1906]. With a slower rate 
of faradization there is clear evidence of 
stimulus rhythm (Fig. 2), similar to that 
observed by Dreyer and Sherrington 
[1919] in tibialis anterior, also by Liddell 
and Sherrington [1924a] in tibialis 
anterior and semitendinosus. 

Responses of two types are yielded by 
the lateral head of triceps. During an early 
stimulation with a very weak current there 
is slight triceps contraction (Fig. 1), to 
be followed by “rebound” contraction 
[Sherrington, 1905, 1908a; Graham 
Brown, 1911] thereafter; the response may 


be interpreted as a mingling, during: the 


inhibition, the latter evidenced by the sub- 


. l. Reflex myograms of 
was observed in the decerebrate condition, iceps brachii and caput 
to be referred to later; in both cases there 
is divergence from the law of reciprocal _ ipsilateral median nerve. Sec. 


- innervation, reactions appearing which are — Contraction followed by “re- 


analogous to that noted by Graham ound” im triceps. Decapitate 
Brown [1912, Fig. 20] in the case of 

gastrocnemius. Later responses of the series, in which there is qui- 
escence and absence of rebound in triceps, show outwardly, at least, 


adherence to the principle of reciprocal innervation (Fig. 3); the absence 


of definite triceps relaxation in the latter case may be attributed to its 
very slight tone after decapitation, the extensor motoneurones being, 
however, probably subjected to inhibitory influences as revealed by the 
occurrence of rebound in Fig. 1; given the greater tone of the decerebrate 
condition, clear triceps relaxation occurs, as will be shown later. Thus, 
apart from the peculiarity noted above, triceps and biceps conform to the 
“spinal type” of reflex as illustrated by gastrocnemius and tibialis 
anterior [Graham Brown, 1913, Fig. 16]. 

-Conformably with the failure to observe a crossed extensor reflex 
in the intact forelimb of the decapitate cat it was not found possible to 
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evoke a contraction in the lateral head of triceps by stimulation of a 
nerve of the opposite forelimb. Considering its excitability under the 


Fig. 2. Reflex myogram obtained by faradization, at slow rate, of ipsilateral superficial 
radial nerve. Sec. dist. 330mm., Palmer coil. Stimulus rhythm in biceps. Decapitate 


influence of strychnine its failure to appear must, as already explained, 


be attributed to the severe incidence of shock on the extensor moto- 


neurones. Crossed effects in biceps were likewise not observed. 


Fig. 3. Reflex myograms obtained by later faradization Of ipsilateral median nerve. 
Sec. dist. 230 mm., Palmer coil. Same experiment as Fig. 1. No definite effects in 
triceps. Decapitate cat. 


(2) Bulbar animal. | 
An animal in which the plane of decerebration passes through the 


trapezoid body, dividing both eighth nerves and leaving the medulla — 


oblongata intact, presents the following picture at the end of an hour. 
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When placed in the ventral decubitus a “crouching” posture is assumed : 
the postural reflex after this kind of decerebration is thus “crouching” 
just as the reflex is “standing” after midbrain decerebration [Sherring- 
ton, 1910]. Both forelegs are flexed forwards and often adducted, one 
being curved around in front of the other, an attitude often seen in the 
intact cat; both hindlegs are also flexed forwards. | 
Pinching the central pad of a forepaw yields palmar flexion and 
flexion of shoulder; pinching the whole paw yields elbow and shoulder 


flexion. Pinch of one paw, say the left, causes in the right forelimb 


Fig. 4. Reflex myograms obtained by faradization of ipsilateral median nerve. 
Sec, dist, 200 mm., Palmer coil. Bulbar cat. 


crossed extension and, following the stimulus, crossed flexion with 
adduction and dorsiflexion of the digits. 

Myograms. The myogram of the biceps muscle yielded by stimulation 
of an ipsilateral nerve is like that in the decerebrate condition presently 
to be described (Fig. 4); no effect was recorded in triceps, though it 
contracts in the crossed extensor reflex; the reflex contractions, though 
definite, are comparatively small, owing to the considerable amount of 
shock involved in this type of decerebration. 


_ (3) Precollicular and intercollicular decerebrate animal. __ 
Following both kinds of decerebration the forelimbs are in extensor 
rigidity, somewhat more intense after the intercollicular, because of 
greater interference with the nucleus ruber [Rademaker, 1926]. Both 
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the ipsilateral flexor and the crossed extensor reflexes are present in the 
forelimbs, though somewhat limited in range by the prevailing extensor 
tone; they were originally described by Sherrington (1897-8, 1910] in 
treating of the reflex figure of the decerebrate animal. 

The forelimb flexor reflex may be evoked, as in the decapitate con- 
dition, by a pinch of the central pad ‘‘a” or of the digital pads, the third 
and fourth being the most potent; pads of the first and second digits 
yield, besides flexion, outward rotation of the limb. Flexion of the limb, 
together with slight ventral flexion at the wrist, is evocable from the 
pisiform pad. The palmar reflex from pad “a,” though somewhat obscured 


Fig. 5. Reflex myograms obtained by faradization of ipsilateral median nerve. Sec. dist. 
300 mm., Palmer coil. Inhibition and rebound in triceps: effects reciprocal. Decere- 
brate cat. 


by the prevailing extensor tone, is found to be present. In one instance, 
6 hours after decerebration, the forelimb flexor reflex was found evocable 
by a siren whistle sounded into either ear, at such a distance that purely 
mechanical effects on the meatus hairs were. excluded. 

In cases of forward decerebration movements of progression appear 
after some hours in both fore and hindlimbs; they may be evoked by a 
pinch of forepaw or of pinna; a second pinch of ae sometimes inhibits 
progression once started. 

Myograms. Faradization of the superficial radial, dorsal interosseous, 
median or ulnar nerve yields powerful contraction in the biceps muscle 
of the same limb; the contraction is of the d’emblée type, followed by 
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moderate after-discharge (Fig. 5). Under slower rate of farsdiaation 
stimulus rhythm is apparent, as shown in Fig. 6 in the case of brachialis. 
The response of the lateral head of triceps to ipsilateral nerve stimulation 
is frequently inhibition of tone during the stimulus followed by rebound 
thereafter (Fig. 5). The behaviour of biceps and triceps is in these cases 
clearly reciprocal, resembling that of antagonists of the hindlimb, as 
exemplified by tibialis anterior and gastrocnemius in the decerebrate 
preparation [Graham Brown, 1912, Fig. 206]. 
) In some experiments there is departure from reciprocal ihebiionr, 
as already noted in the decapitate preparation. Thus, during the biceps 


Fig. 6. Reflex myogram obtained by faradization, at slow rate, of ipsilateral superficial 
radial nerve. Sec. dist. 300 mm., Palmer coil. Stimulus rhythm in brachialis. Decere- 
brate cat. 


contraction evoked from the median nerve of the same limb, triceps shows 
at first relaxation, then moderate contraction, to be followed, after the 
stimulus, by positive rebound (Fig. 7). During the next stimulations 
triceps shows only contraction, again to be followed by rebound, thus 
indicating some inhibitory admixture during the precurrent stimulus. 
Later stimulation of the same intensity applied to the superficial radial 
nerve yields a purely reciprocal response with contraction in biceps and 
relaxation followed by rebound in triceps (Fig. 8). | 
Variations of this kind were described by Graham Brown in the 
case of tibialis anterior and gastrocnemius: thus in Fig. 206 of his 
paper [1912] tibialis contraction is associated with gastrocnemius re- 
laxation, the more usual response; in other instances slight gastrocnemius 
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Palmer coil. Inhibition, contraction and 


Reflex myograms obtained by early faradization of 
nerve. Sec. dist. 400 mm., Palmer coil. Same experiment as Fig. 7. Inhibition and 


rebound in triceps. Decerebrate cat. 


Sec. dist. 400 mm., 
Decerebrate cat. 
Fig. 8. Reflex myograms obtained by later faradization of ipsilateral superficial radial 


Fig. 7. 
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contraction occurs with tibialis contraction (Fig, 20a of the same paper), 
the reaction changing later to gastrocnemius relaxation. | 
In the decerebrate crossed extensor reflex the lateral head of triceps 
exhibits a “recruitment” contraction (Figs. 9 and 13) [Liddell and 
Sherrington, 1924¢]; associated with this there is, for the most part, 
inhibition of tone in biceps (Fig. 9) or in brachialis (Fig. 15); there follows 
a positive flexor rebound (Fig. 9), homologous with that observed by 


Fig. 9. Fig. 10. 

Fig. 9. Reflex myograms obtained by faradization of contralateral superficial radial nerve. 
Sec. dist, 120 mm., Stoelting coil, coreless. Initial contraction, inhibition and re- 
bound in biceps; inhibition, “recruitment” — and after-discharge in triceps. 
Effects reciprocal. Decerebrate cat. 


Fig. 10. Reflex myograms obtained by: Sig. 1, faradization of contralateral superficial 
radial nerve, Seo. dist. 130 mm., Stoelting coil, coreless. Sig. 2, faradization of 
ipsilateral superficial radial nerve. Seo, dist. 300 mm., Palmer coil. Same experiment 
as Fig. 9. Ipsilateral flexion; contralateral extension; initial crossed flexion in biceps. 
Effects reciprocal. 

Graham Brown in the tibialis anterior at the termination of the crossed 

extensor reflex in the decerebrate condition [Graham Brown, 1911, 

Fig. 13]; it suggests an excitatory component during the precurrent 

stimulus. 

_ ‘That an excitatory component isin reality present during the stimulus 

is shown by the occasional occurrence of a smart contraction in biceps 
at the beginning of a crossed reflex; but in this contraction there is no 
departure from the reciprocal principle, since it is associated with dis- 
tinct, synchronous relaxation of triceps (Fig. 9). Contraction of biceps on 
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er), opposite nerve stimulation was observed by Denny-Brown and Liddell 

| and considered by them to reveal the muscle as a potential extensor of 
aps the shoulder joint. The responses of the two muscles, as observed by 
hd myself, apparently partake rather of the nature of a crossed flexion, being 
rt, in fact comparable with those noted by Graham Brown in tibialis 
Ws anterior and gastrocnemius at the inception of a crossed extensor reflex 
by [Graham Brown, 1911, Fig. 14; 1912, Figs. 18 and 37]. 


The crossed recruitment contraction of triceps is followed by a con- 
siderable after-discharge (Fig. 13); on contraction and after-discharge 


‘ eo be: Fig. 11, Reflex myograms obtained by faradization of ipsilateral superficial radial nerve. 
t = & See. dist. 300 mm., Palmer coil, Progression with predominance of flexion; effects 
: reciprocal, as shown by arcs. Decerebrate cat. 


an ipsilateral nerve exerts a reflex, inhibitory influence (Fig. 14). Ten- 

a dencies towards ipsilateral flexion and contralateral extension are clearly 
a manifested on combined nerve stimulation (Fig. 10). 

i= _ Preparations in which the caudal parts of the thalami are retained 

S often show a transition from the reactions just described to movements 

: = of progression; in such a reaction, as induced from the ipsilateral super- 

a - ficial radial nerve, brachialis shows a predominance of contraction and 

triceps a predominance of relaxation (Fig. 11); when evoked from the 

opposite superficial radial contraction predominates in triceps and re- 

laxation in brachialis (Fig. 12). In all cases, as shown by corresponding 
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faradization of contralateral superficial radial 
Palmer coil. Same experiment as Fig. 11. 


R. MILLER. 
Fig. 12. Reflex myograms obtained by 
nerve; end of stimulus. Sec. dist. 300 mm., 


nerve. Sec. dist. 90 mm., Stoelting coil, coreless. Recruitment contraction and after- 


Progression with predominance of extension; effects reciprocal as shown by arcs. 
discharge in triceps. Decerebrate cat. 


Fig. 13. Reflex myogram obtained by faradization of contralateral superficial radia 
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Fig. 14. Reflex myogram obtained by: Sig. 1, faradization of ipsilateral superficial radial 
nerve. Sec. dist. 60 mm., Palmer coil. Sig. 2, faradization of contralateral superficial 
radial nerve. Sec. dist. 90 mm., Stoelting coil, coreless. Same experiment as Fig. 13. 
Inhibition through ipsilateral nerve of after-discharge. ‘ 


Fig. 15. 16. 
Fig. 15. Reflex myograms obtained by faradization of contralateral rficial radial nerve. 
Sec. dist. 300 mm., Palmer coil. Inhibition of brachialis. Decerebrate cat. 


Fig. 16. Reflex myograms obtained by twisting ipsilateral pinna. Effects reciprocal. 
Decerebrate cat. 
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arcs, the behaviour of the muscular antagonists is strictly reciprocal; 
the. reactions are thus clearly but. phasic variants of the sustained, 


ipsilateral flexor and contralateral extensor reflexes. 


_ Since faradization of an afferent nerve trunk may perhaps not be 
conceded to be a “normal” form of stimulation, because fibres possibly 
endowed with opposed influences are stimulated simultaneously, myo- 
grams of biceps and triceps were made during mechanical stimulation 
of the pinna. Whilst excitation of the pinna was observed by Sherring- 
ton [1897-8] to yield flexion in the ipsilateral forelimb, extension, not 
flexion, is sometimes seen in response to a powerful twist; in such a case 
it was noted that triceps contracts whilst brachialis relaxes, thus again 
constituting a reaction of clearly reciprocal character (Fig. 16). The 


_ reaction resembles, in outward appearance at least, the “positive sup- 


porting reaction” of Schoen [1926], in which, however, simultaneous 
contraction of antagonists is asserted to occur. However, in the case 
of the pinna response the reaction is, as stated, reciprocal in nature, — 


In previous papers [Miller e¢ al., 1926, 1928] reference was made to 
a forelimb reflex of flexor kind, which becomes prominent after lateral 


cerebellar ablation : following precollicular decerebration the right lobulus _ i 


ansiformis (“‘lateral hemisphere”’) is excised approximately to the depth 
of the dorsal surfaces of the cerebellar nuclei (dentate nucleus, etc.). 
The animal then being suspended with abdomen downwards, the right 
forelimb hangs in a somewhat flexed position, making an angle of from 
20° to 90° with the vertical. Mechanical stimuli applied to the limb, 
particularly the paw, evoke further flexion at shoulder, elbow, wrist and 
paw; the movement of flexion is usually performed in a leisurely way, the 
limb tending to remain in its position of greatest flexion and then slowly 
subsiding; this type of flexor reflex was designated the “handshake 
reflex,”’ since it reminds one of a trained cat giving its paw; in its dilatory 
character the movement recalls the appearances in slow motion films. 
The receptive field for the reflex includes not only the limb itself 
but, in cases in which it is highly excitable, also the neck, the opposite 
paw and, in fact, most of the body. It may frequently be evoked by 
sounds, as for instance that of a small siren whistle acting upon either 
ear and held at a sufficient distance to exclude mechanical effects on the 
pinna hairs. Acoustic reflexes in the hindlimb of the decerebrate cat were 
studied by Forbes and Sherrington [1914]; that here described as 
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following cerebellar ablation is remarkable in the amplitude of the move- 
ment of the forelimb. 

As just stated the handshake flexor reflex may be evoked on the side 
of the cerebellar lesion in consequence of stimulation of the opposite 
forelimb; in this respect the decerebrate and partially decerebellate 

_ preparation shows a divergence or, indeed, reversal when compared with 
the preparation decerebrate only, in which the crossed extensor reflex 
is the rule in the forelimb. Closely related to the sluggish movement in 
this kind of flexor reflex is the curious “ plasticity,” which differs essen- 
tially from that of decerebrate tone (Sherrington, 1897-8] in a pre- 

-ponderance of flexor properties; thus the limb tends to remain for a 

considerable time in the position of maximal flexion and, indeed, is 
prone to continue in any position, which may passively be imposed upon 

it, there being a marked predilection for flexor postures, thus indicating a 
heightened excitability of the flexor and a depression of the extensor 

_motoneurones, i in consequence of the cerebellar ablation. _ 

_ & closely related phenomenon was described by Babin‘ski in cere- 
bellar disease under the term “cerebellar catalepsy,” whereby was de- 
signated an inclination to maintain fixed attitudes longer than normal 
[cited by André-Thomas, 1911]. There is also affinity with the modified 
tonus distribution of the kind termed “ anisothenia” by André-Thomas 
and Durupt [1914]; in the latter instance, as a result of ablation of a 
given cerebellar region, the limb shows a deviation from its normal 
posture. When, in consequence of a smaller cerebellar removal, the pre- 
ponderance of flexor tone is less pronounced the reflex movement is 
smarter, often with a “slapping” character, the digits being spread apart 
in a fan-like manner, just as happens in a forelimb reflex in the frog. 

Myograms, The peculiarities of the handshake reflex just referred 
to are rendered more evident by myographic analysis. Thus, whilst both 
the simply decerebrate and the decerebrate, partially decerebellate pre- 
parations show flexion from stimulation of the ipsilateral pinna, the 
partially decerebellate also yields this response from the opposite pinna, 
whereas the decerebrate preparation in this latter case yields extension. 
These facts, as illustrated by brachialis, are shown in Fig. 17. 

A variation in the same direction is shown in the reflex effects from 
the paws, both yielding flexion in the limb on the side of the cerebellar 
lesion (Figs. 18 and 19). Similarly, whistling into either ear evokes 
flexion in brachialis with reciprocal inhibition of triceps (Fig. 20). Also 
faradization of either superficial radial nerve yields a positive effect in 
brachialis with inhibition in triceps (Fig. 21). The consequence of a 
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Reflex flexor myograms, right forelimb, obtained by twisting: A, right pinna; 
B, left pinna. Decerebrate cat with right, lateral cerebellar ablation. 


Fig. 17. 


Fig. 18. Reflex myograms obtained by mechanical stimulation of paw 


Fig. 17. Flexor reflex. 


of same limb. Same experiment as 
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Fig. 19. Fig. 20. 

Fig. 19. Reflex myograms obtained by mechanical stimulation of opposite paw. Same 

experiment as Fig. 18. Flexor reflex. | 

Fig. by whistle into opposite ear. Same experiment as 
Effects reciprocal. 4 


1a; 


uf Fig. 21. Reflex myograms obtained by: A, faradization of ipsilateral superficial radial 
ay nerve, Sec, dist. 300 mm., Palmer coil. B, faradization of contralateral superficial 
radial nerve, same current. en 17. Each stimulus yields flexor 
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- lateral cerebellar removal is thus the conversion of a crossed extensor 
into a crossed flexor reflex; we must attribute the change to the modified 
conditions of tone already alluded to. A matter of much interest is that, 

despite the reversal, the fundamental muscular — remains 
reciprocal i in character. : 


Reviewing the observations above recorded it is apparent that the 
reflexes of the forelimb are in essentials very similar to those of the 
hindlimb, only that they are less ample, being more seriously depressed 
by neuraxial transection, as revealed particularly in the decapitate con- 

dition. Both fore and hindlimb show a predilection for reflexes of i ipsi- 


' Jateral flexion and contralateral extension. The crossed extensor reflex 


in fore and hindlimb is easily excitable in the decerebrate condition; in 
the spinal condition hindlimb crossed extension is less easily evoked than 
in the decerebrate condition [Liddell and Sherrington, 1924c], whilst 
crossed extension is evocable in the spinal (decapitate) animal usually 
only after the administration of strychnine, the drug thus disclosing the 
actual potentialities for the reflex. 


‘ Occasionally there is in the forelimb deviation from the usual crossed _ 


extensor reflex: thus, opposite nerve stimulation sometimes yields an 
initial contraction in biceps, associated with obvious relaxation in tri- 

ceps (Fig. 9); the close analogy between this reaction and that observed 
by by Ohana Brown in the case of tibialis anterior and gastrocnemius 
was already indicated. There is similarity further to the crossed contraction 
observed in biceps by Denny-Brown and Liddell, who were led, in 
consequence, to envisage the muscle as a potential extensor of the shoulder 
joint. The reciprocal character of the biceps-triceps response noted by 
myself would, as stated above, document it rather as a reflex of crossed 
flexion, comparable to the reflex of similar kind, of frequent occurrence 
in the hindlimb; it evidences an excitatory component in the reflex arcs 
of biceps during the crossed stimulus. 

_ In the majority of the reflexes studied coordination is in conformity 
with the law of reciprocal innervation; this statement holds true in the 
case of “natural” stimuli like whistling i into the ear, as well as mechanical 
stimulation of the limb itself, the pinna or other reflexogenous zone of 
the body; it also holds, in the main, for the more artificial method of 
_ stimulation involved in faradization of afferent nerves; whilst admitting 


that in this latter mode of stimulation fibres with opposite influences are _ 
probably stimulated, the researches of Sherrington and Graham 
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Brown, who employed this method extensively for the hindlimb, have 
revealed reciprocal behaviour as so prevalent that the method must be 
regarded as capable of disclosing, for the most part, normal reactions of 
the limb. A necessary corollary of these facts is that the neuronal reflex 
apparatus possesses to a high degree the power of coordination, even 
when played upon by afferent streams of distinctly unusual kinds; 
further, it would seem to be implied that much of the coordinating 
activity is situated downstream from the loci of incidence of the afferent 
impulses. 

There remain still to be discussed the few instances cited of deviation 
from the reciprocal principle. In a decapitate preparation (Fig. 1) and 
a decerebrate preparation (Fig. 7) an early response of the series shows, 
on median nerve stimulation, synchronous contraction of biceps and 
triceps, reactions quite analogous to those observed by Graham Brown 
in tibialis anterior and gastrocnemius. A number of interpretations of 
the reactions are possible. In the first place it is conceivable that under 
the artificial means of nerve stimulation afferent impulses with opposite 
influences play upon the centre and bring about a partial breakdown in 
the normal coordinating processes. Against this view may be cited the 
circumstance that even a natural stimulus, namely dorsiflexion of the 
digits of the fore or hindpaw, evokes simultaneous contraction of flexors 
and extensors of the limb in the “positive supporting reaction”; the 
mere fact of opposed action of muscular antagonists does not, therefore, 
necessarily point to a morbid reaction, since behaviour of this kind appears 
to be the rule in the supporting reaction. 7 

It must be admitted that the presence of rebound in triceps in Fig. 7 
points to some inhibitory admixture during the precurrent stimulus but, 
despite this consideration, the synchronous contraction of antagonists 
on afferent nerve stimulation probably represents a component of a 


normal response like the positive supporting reaction. Of significance 


here is the circumstance that the response (Figs. 1 and 7).is evoked 
through the median nerve, containing as it does proprioceptive fibres 
from those muscles which are stretched by the dorsiflexion employed 
to evoke the supporting reaction. On the other hand, effects clearly 
reciprocal are yielded by the superficial radial, a purely cutaneous nerve 
(Fig. 8). 

Thus it is clear that in outward appearances as well as in internal 
coordination the reflexes of the forelimb are closely comparable with 
those of the hindlimb, and this statement applies even to the small but 
definite forelimb spinal reflexes shown in the decapitate preparation. 
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’ In the bulbar and midbrain animals the reflex capacities of the forelimb 
| are materially greater, particularly after a lateral cerebellar ablation 
and the enhanced flexor tonus resulting therefrom. However, despite 
the predominance of antigravity tone in the forelimb of the animal _ 
decerebrate simply, the reflexes of this limb are in essence the same as 
those of the hindlimb, as illustrated by reflexes of flexion, extension and 
progression, though the forelimb clearly depends more than the hind- 
limb on the integrity of the prespinal centres; in pursuance of this 
principle it may be remarked that whilst progression in the hindlimbs 
may be carried on by the spinal centres the execution of the corresponding 
act in the forelimbs requires the hinder parts of the thalami [Laughton, 
1924]; there has thus been a shifting forward of the more complex reflex 
arcs concerned with the forelimb; but, despite this forward shift, the 
reflex capabilities of the arcs, as illustrated by reciprocal innervation, 
remain essentially the same as those of the — spinal arcs controlling 
the hindlimb. 


SuMMARY. 


1. The flexor reflex of the forelimb in the spinal (decapitate) cat 
consists in flexion of paw, elbow and shoulder; itis evocable by mechanical 
stimulation of the limb, particularly the pads of the paw; poe flexion 
yielded by the central pad “a” is clonic in character. 

2. The reflex is less ample than that in the hindlimb and is more 
severely depressed by spinal shock. 

3. A crossed extensor reflex may be demonstrated in the forelimb 
of the decapitate cat by the injection of strychnine. 

4, The reflex myogram of biceps in the decapitate cat is of the 
d’emblée type; coordination is usually reciprocal with quiescence in 
lateral head of triceps; sometimes there is slight triceps contraction 
succeeded by “rebound.” 

5. The bulbar animal shows a “crouching” posture in fore and hind- 
limbs, when placed prone. Biceps myogram is like that in the decerebrate 
condition. 

6. In the ipsilateral flexor reflex in the midbrain animal the biceps 
shows d’emblée contraction ; triceps shows usually inhibition followed by 
“rebound,” occasionally moderate contraction with subsequent rebound. 

7. The myogram of triceps in the crossed extensor reflex of the mid- 
brain animal is of the “recruitment” type; biceps or brachialis is usually 
inhibited but sometimes gives a smart, initial contraction, associated 
with reciprocal inhibition of triceps: this is a reflex of crossed flexion. 
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8. Cases of forward decerebration often show movements of pro- 


gression on afferent nerve stimulation ; in these the muscular antagonists 
show strictly reciprocal behaviour. 

9. The midbrain animal with lateral cerebellar ablation shows, on 
the side of the cerebellar lesion, 2 marked forelimb flexor reflex, de- 
signated the “handshake reflex”; it is of “slow motion” type with 
considerable “plasticity.” It may be evoked by mechanical or auditory 
stimuli. | 

10. Coordination in most of the forelimb reflexes, including the 
handshake, is in conformity with “reciprocal innervation”; the occur- 
rence of synchronous contractions in flexor and extensor muscles is 
interpreted as being related to the “positive supporting reaction” of 
Schoen. 

11. Comparisons of forelimb reflexes are made with the reflexes of 
the hindlimb, with which there are many fundamental affinities. 


I wish to thank Mr F. W. Claassens, who made the decerebration 
and fixation clamps for this work; also Mr T. W. Stewart for assistance 


with the experiments. 
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ON THE NATURE OF THE TWO TYPES OF RESPONSE 
IN THE NEUROMUSCULAR SYSTEM OF THE 
CRUSTACEAN CLAW. 


By H. BLASCHKO! (Kaiser Wilhelm-Institut fiir medizinische 
Forschung, Heidelberg), MCKEEN CATTELL (Cornell Uni- 
versity Medical College, New York City), anv J. L. KAHN 
(Moscow). 


(From the Marine Biological Laboratory, Plymouth.) 


‘Tam claw muscles of the crustaceans respond to stimulation with two 


distinct types of contraction. The response may be slow, of moderate in- 
tensity, and maintained for a long period, or it may be quick and very 


strong. The first type bears a certain resemblance to the contraction of 


smooth muscle, while the second type has more the characteristics of 
a single twitch in vertebrate striated muscle. The important evidence 
in this connection dates from the publication of the work of Lucas 
[1917], who made a careful analysis of the nature of the stimulus, 
bringing forth each of the two types of contraction in the crayfish 
(Astacus). He showed that in order to elicit quick contraction, through 
a stimulus applied to the nerve, a relatively strong stimulus is re- 
quired, and that the excitation time is shorter. The change from the 
slow to the quick type was shown to be a discontinuous one, each being 
of uniform magnitude through a considerable range of stimulation in- 
tensity or duration. Previous to this Lucas [1907] had reported the 
results of a study of the relationship between the duration and intensity 
of the exciting stimulus, applied to the nerve, on the response of the claw 
muscle of the lobster (Homarus). A break in the continuity of the curves 
occurred at the same point as the change in the nature of the mechanical 
response. These findings on Astacus and Homarus led Lucas to postulate 
the existence of two separate conducting mechanisms in the nerve trunk. 
A second factor which was not studied by Lucas, but which we have 
found to have an important bearing on the nature of the response, is the 
frequency of stimulation. The slow contraction alone is brought forth by 


2 Working with a grant from the Notgemeinschaft der Deutschen Wissenschaft. 
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stimulation of low frequency provided the intensity is not too great, 
while a sudden change to the quick type occurs as the result of a simple 
increase in frequency. The observations described herein were made in 
the course of a study designed to throw further light on the conditions 
determining the two types of response in crustacean nerve-muscle pre 
parations. 

Various crustaceans were used, including the lobster (Homarus), the 
edible crab (Cancer), and a form of spider crab (Maza), all of which gave 
essentially similar results. One of the large claw limbs was removed from 
the animal and fixed in a clamp, whilethe movable segment (dactylopodite) 
was connected with an isometric lever by means of strong silk cord or 
wire. The attachment of the abductor muscle was severed, so that the 
lever recorded the tension of the adductor muscle alone. Silver electrodes 
were applied directly to the nerve which was exposed in one or the other 
of the two limb segments most distant from the muscle. As a source of 
stimulation two Harvard induction coils were employed with motor 
driven contact breakers (Palmer) in the primary circuit, by means of 
which stimuli at the desired frequency were obtained. Break shocks only 
were used, the make shocks being short-circuited. In order to change as 
quickly as possible from one stimulating frequency to another, two con- 
tact breakers were used, either of which could be brought into the stimu- 
lating circuit with a double throw key. In most of the experiments the 
secondary coil was placed in the zero position, the intensity of the 
stimuli being controlled by a potential divider in the primary circuit. 
In certain experiments we employed the Neon tube stimulator made on 
the principle described by Briscoe and Leyshon [1929], which provided 
a simple and effective means of obtaining stimuli through a wide range 
of frequencies. 

The influence of the frequency of stimulation on the response is 
typically as follows: If a nerve be stimulated with low intensities a con- 
traction occurs which reaches its maximum very slowly and in a perfectly 
smooth curve. The tension developed depends upon the frequency of 
stimulation, 7.c. the faster the rhythm of stimulation the higher the level 
of contraction reached. Within a certain range no change occurs with in- 
creasing intensity, but with relatively high stimulating frequencies, at a 
constant intensity, the type of contraction is abruptly altered: the 
muscle now contracts quicker and reaches a much higher tension. The 
curve is no longer smooth, but the individual contractions are clearly 
seen, resembling that of an incomplete tetanus in vertebrate striated 

muscle. The second type of contraction is usually obtained only above a 
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certain frequency which is related to the intensity of the stimulus, and 
varies in different preparations. It is our impression that the better the 
preparation the lower is the frequency at which it is possible to observe 
the quick type of contraction, and rarely single stimuli of sufficient in- 
tensity gave twitches. 

As a preliminary to further experimentation a strength and a frequency 
of stimulation were selected which gave a moderate sustained response 
(slow contraction) to the adductor muscle of the claw when applied to the 


Fig. 1. Tracings from two experiments on Cancer, showing twitch-like response to extra 
stimuli applied during sustained activity. Lower record made with kymograph turning 
at a higher speed. In this and subsequent records where more than one tracing is shown, 
the upper line shows the individual stimuli, the middle line the time in seconds, and 
the lower line the record of the tension changes in the muscle. 


nerve’, If, while the low-frequency stimulation is effective in main- 
taining the sustained contraction, a single stimulus is applied to the same 
nerve, the muscle will now respond with a single twitch, ¢.e. a contraction 


of the quick type, although this stimulus alone is quite without effect. — 


Records showing this result are reproduced as Fig. 1. In this connection 
it should be pointed out that usually a single stimulus applied to the 
nerve results in no response of the muscle, although twitches can readily 
be obtained upon direct stimulation. Certain preparations do respond 
to single stimuli, the conditions for which will be discussed later, but the 

1 The exact relationship between these variables necessary to give the desired result has 
not been determined. It varies greatly in different species and from preparation to prepara- 
tion, and is also subject to change during the course of an experiment. 
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present observations have been made in preparations in which the single 
stimulus alone has been shown by control observations to be absolutely 
without effect. 
_ Tn an endeavour to winialls the mechanism a number of variants on the 
experiment described above have been carried out. In many instances 
one pair of electrodes has been inserted directly into the adductor muscle 
while the second pair was applied to the nerve. If, while a series of 
twitches is being recorded in response to induced shocks applied to the 
muscle, the nerve is stimulated by a frequency giving alone a barely per- 
ceptible response of the slow type, there results a sudden increase in the 


Fig. 2. The effect of low-frequency stimulation applied to the nerve (in Maia) on the 
response of the muscle to direct stimulation. The portions of the tracing giving the 
increased tension correspond to the time during which the nerve was stimulated. The 
given stimulus applied to the nerve alone in the absence of direct stimulation was with- 
out visible effect in the first tracing, and produced but a slight effect in the second. 


tension developed during each twitch. Examples of this effect are given 
in Fig. 2. The magnitude of the increased tension is irregular in successive 
twitches, but usually quite large, amounting to a value several times that 
recorded previous to the application of the stimulus to the nerve. This — 
effect suggests some influence of the nerve on the muscle fibres such that 
they respond to a direct stimulus with a stronger contraction. It must be 
remembered, however, that in applying a stimulus directly to the muscle 
we cannot exclude the stimulation of the nerve fibres in the vicinity. This 
being the case the conditions are as described in the first experiment 
where both electrodes were applied to the nerve. The stimuli sent directly 
to the muscle give a response which, because of the slow rate, is quite 
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independent of any influence on the contained nerve endings. When a 
stimulus, alone giving but a barely perceptible slow response, is applied 
to the nerve it becomes irritable to single stimuli as described above, and 
the muscle responds with a greatly augmented twitch which therefore 
presumably has its origin in the nerve. Thus the effect of applying to the 
nerve @ stimulus giving a slow response is to bring about the effective 
excitation, through the electrodes in the muscle, of the contained nerve 
elements, and thus to excite the quick contraction. This should result in 


_ a better distribution of the stimulus to the muscle fibres and would thus 


account for the augmentation of the twitches. 

The production of a twitch by an extra stimulus applied to the nerve 
while it is being rhythmically stimulated as described above, is not de- 
pendent upon some local change, for the extra stimulus may be applied 
at any point on the nerve. In some experiments, for example, each pair 
of electrodes was placed on the nerve in different segments of the limb 
(carpopodite and meropodite). Nor is the effect dependent upon any 
peculiarity of the extra stimulus, as was shown by applying it through 
the same coil and electrodes which were giving the rhythmic stimulation 
for the slow tonic contraction. Under these conditions the character of 
the extra stimulus must have been indistinguishable from those giving 
the tonic contraction, nevertheless it caused the muscle to give a twitch 
of the type illustrated in Figs. 1 and 4. Evidently the effect bears some 
relation to the spacing of stimuli sent into the nerve. A single extra 
stimulus is sufficient to change the slow contraction, produced charac- 
teristically at low rates of stimulation, to the quick type, obtained at 


— frequencies, or possibly to superimpose the second type upon the 


Se has been demonstrated experimentally by Hoffmann [1914] in 
the crayfish and by Knowlton and Campbell [1929] in the lobster 
(Homarus) that the inhibitory fibres to the adductor muscle are found 
in a bundle of fibres (excitatory to the abductor) which can readily be 
separated from the main nerve. The effect of the extra stimulus does not 
depend upon the presence of the inhibitory fibres, for in five experiments 
carried out on the claw of the lobster, complete removal of the nerve 
elements containing these fibres did not result in the least influence on 
the response. A tracing illustrating this is reproduced in Fig. 3. 

Another feature of the response to the extra stimulus, well shown in 
the records reproduced, is the irregularity in the tensions developed, and 
the occasional failure to obtain any response whatever. This accords with 
expectation on the grounds that the effect depends upon the grouping of 
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the extra stimulus with those of the rhythmically repeated series, for a 
stimulus falling within the refractory period would, of course, be without 
effect, and the influence of those falling later might well depend Spon 
their relation to the other stimuli of the series. 

The extra stimulus is, as a rule, without effect when the rhythmic 
series is reduced in intensity or frequency to a point giving no tonic con- 
traction in the muscle. One or two exceptions have been noted, but these 
are presumably to be explained by a failure of the recording apparatus 
to respond to slight changes of tension in the muscle, for when a response 
is obtained from a single stimulus under these conditions, the rate of 
stimulation is very close to the threshold giving a mechanical record. 
This fact and the other experimental findings related above by them- 
selves favour the hypothesis that both types of contraction are mediated 


Fig. 3. The effect of a series of “extra” stimuli applied to the nerve of Homarus 
in which the “thin system” inhibitory to the adductor had been excised. 


through the same morphological structures. They are not, however, in- 
consistent with the well-supported conception of Lucas [1917] that two 
separate excitable substances ate present in the nerve trunk, each of 
which brings forth its specific kind of muscular contraction. A study of 
the action potentials in the nerve under these conditions should throw 
important light on the problem. 

Our records show that the effects of excitation may persist for a con- 
siderable period. This phenomenon was discovered and carefully studied 
in the crayfish by Richet [1879] over fifty years ago. He pointed out 
that the effects of repeated stimulation are exactly the opposite of those 
occurring with fatigue, i.e. excitability and response are augmented, a 


phenomenon which Richet called addition latente. A demonstra- _ 


tion of this is given in the record shown in Figs. 4 and 5. It will be seen 
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that there is no response to the stimuli until a certain number have been 
applied, but finally, with the low-frequency stimulation employed, the 


Fig. 4. Tracing obtained from Cancer, illustrating the gradual development of tension in 
response to low-frequency stimulation, and the effect of superimposed extra stimuli 
upon it. 


Fig. 5. Above: long sustained increase in tension following a single “extra” stimulus. 
Below: similar effect produced by allowing the muscle to shorten by mechanically 
closing the claw against the tension of the lever. 


slow type of contraction gradually develops, the tension continuing to 
increase for a considerable period of time. This type of response is of 
interest in connection with Lucas’s study of the summation of two 
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stimuli in Astacus [1917]. It was shown, even when no response was 
elicited from the first of two stimuli, that nevertheless a propagated dis- 
turbance was set up in the nerve, and that the passage of this impulse 
produced a change such that the following stimulus became effective in 
causing a contraction. Since the optimum interval corresponded with 
the time at which the nerve was most excitable following previous 
activity, it was concluded that two properly spaced stimuli produce an 
effect because the second stimulus is aided in its passage to the muscle 
fibre by travelling in the supernormal phase of recovery of the first 
impulse, Lucas did not study the effects of more than two stimuli, and 
our experiments with a series of stimuli put the matter in a different light. 
_ The greater effectiveness of a series of stimuli, extending over a period 
of several seconds, as compared to two, clearly cannot be explained | 
entirely on the basis of the relationship of the individual disturbances to 
each other, ¢.¢. to their position in the recovery cycle. If the phenomenon 
_ is due to an influence on the conductivity of the nerve fibre, there must 
be a persistent change in the fibre resulting from its activity which is not 
_ wiped out by the response. That a change actually may occur in the 
* crustacean nerve has been shown by Furusawa [1929] in the per- 
sistence of the action potential. This hypothesis, however, seems less 
probable than the alternative one, that successive propagated disturb- 
ances produce some change in the excitability of the muscle which per- 
sists and is accumulative, such that if a sufficient number of impulses are 
received a response will finally result, which becomes greater as the 
stimuli are continued. Boe 
Following the twitch-like response, produced either by a single extra’ 
stimulus or a series at higher frequency, any pre-existing tension of the 
slow type is augmented, ¢.¢. the low-frequency stimulation maintains the — 
tension at a higher level than that existing before the quick response, 
although previously the tension caused a barely perceptible movement 
of the lever. The effect is illustrated in Figs. 4 and 6. It is of course pos- 
sible that the augmented tension level might ultimately be reached by 
the gradual increase in tension which commonly occurs during the ap- 
plication of the low-frequency stimulation, although in our experience 
the effect of the quick contraction has always been greater. The elevation 
in tension following the quick contraction is not the result of a specific 
influence brought about by activity, because an exactly similar result is 
secured when the muscle is assisted by mechanically closing the claw— 
compare the second tracing of Fig. 5. Fulton [1926, p. 188] has made 
_ @ similar observation in frog’s muscle, i.e. assuming that the lever 
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employed did not distort the picture, his records show that a muscle can 


- maintain a greater tension than it can set up. 


A single stimulus applied to the nerve usually does not result in a 
response of the muscle. With an excessive shock a response is frequently 
obtained, especially if the preparation be fresh. Two considerations have 
a bearing on this behaviour. Firstly, when an excessively strong shock 
is given it is quite probable that a succession of nerve impulses results 
from a single stimulus, much as Forbes and Gregg [1916] found to be 
the case in mammalian nerves. Weaker stimuli (which give rise to propa- 
gated disturbances in the nerve, as can be proved by repetition when well- 


marked responses occur) are without effect on the muscle, indicating some 


peculiar action of the strong stimulus such as that just suggested. 
Secondly, the observation of Barnes [1930] that the crustacean nerve 
continues to propagate a series of impulses for a considerable period after 
cutting it from the rest of the animal, may have a bearing on the question. 
Frequently good responses to single stimuli were obtained early in the 
experiment, but after a short period excessively strong stimuli were re- 
quired, although a good response to repeated stimuli might be obtained 
‘for hours. The same thing was observed by Richet [1879] and by Lucas’ 
[1917]. This result suggests that at the beginning of an experinient the 
single stimulus ‘may have been applied to an already somewhat active 
nerve, and hence that the conditions were comparable to those experi- 
ments in which the extra stimulus was applied to a nerve responding to 


a rapid series of stimuli. In a few experiments in which a stimulus was 


applied to the nerve in an intact animal a response was usually obtained, 
and here there can be no question but that a certain background of 
activity was already present. In our experience a single stimulus is more 
likely to be effective in producing a response in the edible crab (Cancer) 
than in Maia. 

The foregoing observations indicate an interesting mechanism con- 
trolling the claw muscles of the crustaceans — to economize the 
expenditure of energy. It has been shown by Fuzusawa [1929] that 
complete “depolarization”’ of the crustacean nerve may be brought about 
with great rapidity by a tetanizing stimulus, and Hill [1929] has found 
a rapid decline in the heat production of the nerve during the application 
of such a stimulus. This is of interest in connection with the well-known 
fact that the claw muscles of the crab are frequently called upon to exert 
great tensions which are well sustained for considerable periods of time; 
facts which led Hill to suggest the probability of some mechanism en- 
abling the contraction to be sustained without great demands on nervous 
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conduction. In the experiments just cited the frequency of stimulation 
was in the neighbourhood of 50 make and 50 break shocks per second, 
produced by the vibrating contact breaker on the Harvard coil. The 
present experiments show that a stimulation frequency of from 2 to 10 
per second is sufficient to bring forth a tonic contraction, and in this con- 
dition the muscle is ready to respond to a single extra stimulus with a 
quick contraction. Following the extra stimulus the given slow rhythm 
of stimulation may hold the tension at an increased level, and a series 
of extra stimuli spaced at intervals of several seconds would be all that 
would be required to build up a strong sustained contraction such as that 
illustrated in Fig. 6. On this conception one need only postulate the ex- 
istence of a tonic activity of the muscle, such as is known to exist in the 


Ne 


Fig. 6. Tracing from Cancer with a very light lever, showing failure of the adductor muscle 
to develop an appreciable tension at the given stimulation frequency and the gradual 
building up of tension with repeated extra single stimuli. 


_ vertebrates; the rest of the mechanism has been demonstrated to occur 
by the present experiments, On such a basis far less demands would be 
made on the mechanism than was the case in the experiments of Furusa wa 
and of Hill, in which activity of the nerve was maintained by constant 
high-frequency stimulation with resulting rapid fatigue. 

In reporting the experimental results of the present investigation an 
attempt has been made from time to time to relate them to the work of 
others. We feel, however, that a great deal more information must be 
acquired before a comprehensive theory can be safely advanced for the 
mechanism involved in the control of the crustacean claw. In the present 
state of our knowledge it is dangerous to describe the results in terms of 
the classical physiology of vertebrate tissues. For this reason we regard 
this as a preliminary study and have been content to record the observed 
facts, omitting a theoretical discussion. — 
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SuMMARY. 

By a simple increase in the frequency of stimulation applied to the 
nerve the response of the adductor muscle of the claw in various crus- 
taceans may be changed from a sustained contraction of moderate in- 
tensity to a quick twitch-like effect. This transition may be brought about 
by the addition of a single extra stimulus to those of the frequency series, 
4.e. an extra stimulus, differing in no way from those producing the sus- 
tained response and which alone is without effect, now brings forth a 
twitch-like contraction. Following such a quick contraction the tension 
is maintained at a higher level than that existing before the extra stimulus 
was applied. There thus exists a mechanism through which the organism 
can maintain a continuous strong tension and which makes 
small demands upon the nervous system. 


- The experiments described in this paper were carried out during the 
summers of 1929 and 1930 at the Marine Biological Laboratory, Ply- 
mouth, under the kind guidance of Prof. A. V. Hill, to whom we are 
also indebted for the apparatus employed. Our thanks are due to the 
Director, Dr E. J. Allen, for placing at our disposal the facilities of the 
laboratory. 
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THE PART PLAYED BY THE THEBESIAN VESSELS 
IN THE BLOOD SUPPLY TO THE HEART. 


By G. STELLA (George Henry Lewes Student). 


Tuat the Thebesian vessels of the mammalian heart may, under ab- 
normal circumstances, convey blood in a reverse direction from the 
ventricular cavities to the coronary capillaries, and thus, in the case of 
an insufficient supply from the coronary arteries, supply the heart 
directly from its chambers, was suggested by Pratt [1898] on the basis 
of experimental evidence. 
_ _He found that if the right ventricle of the isolated cat’s heart were 
filled with well-oxygenated defibrinated blood, the heart maintained a 
moderate regular activity for hours. That the heart, under those experi- 
mental conditions, was being continuously perfused from the filled 
ventricle, was further shown by incising the veins at the surface of the 
organ, when a small but constant outflow of dark, venous blood was 
observed. 

A comparatively easy penetration of liquid deep into the heart muscle 
via the Thebesian vessels was also confirmed by the experiments of 
U. Kinoshita [1929] on dead, relaxed hearts. On filling the right or the 
left ventricle with coloured fluids under pressure, he found that the liquid 
issued into the other ventricle from the Thebesian orifices, after a length 
of time depending on the pressure in the filled ventricle. 

The above observations, however, recorded on hearts kept under 
abnormal conditions, are not necessarily in contrast with the recognized 
normal function of the Thebesian vessels, namely, to lead back to the 
heart part of the venous blood coming from the coronary capillaries, the 
remainder being drained by the coronary sinus and coronary veins. On 
the other hand, a recent report by Wearn [1928] in which the existence 
of direct arterio-thebesian communications is described, tends to give to 
the Thebesian vessels a new physiological significance and to alter con- 
siderably our present views on the circulation through the heart muscle. 


The blood, after entering the coronary arteries from the aorta, can flow, 
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according to Wearn, along two distinct routes, i.e. either through the 
coronary capillaries, coronary sinus and veins, or through arterio-the- 
besian channels, directly into the Thebesian vessels and the cavities of 
the heart. The second route in which no capillaries are interposed, offers 
to the circulating fluid a smaller resistance, and blood flows preferably 
along this course, whenever it is not opposed in doing so by a high intra- 
ventricular pressure. In systole, therefore, the arterio-thebesian path : 
would be excluded, and blood forced to enter the capillaries - perfuse 
the heart muscle. 

If Wearn’s findings are correct, the Thebesian vessels, Seislicah 
the direct arterio-thebesian communications, would constitute something 
like a system of valves put there to prevent blood from actually perfusing 
the capillaries of the heart during part of the cardiac cycle. It is certainly 
very difficult to understand the aim of such a circulatory arrangement. 
According to W earn, the perfusion of the coronary capillaries takes place 
during systole; Anrep and Hausler [1928] have shown, however, that 
the amount of blood entering the coronary capillaries from the aorta 
during this period is very small, and under certain conditions may be 
reduced to zero. However, the view put forward by Wearn is of such 
importance that it should not be accepted or rejected without further 
experimental proof. 

The anatomical side of the theory is not supported by Grant and 
Viko [1929] who completely failed to find the direct arterio-thebesian 
communications described by Wearn. | 

The object of the experiments described in this paper was to test 
Wearn’s view by a physiological method and to gain some information 
as to the extent to which the Thebesian vessels can serve as a means of 
blood supply to the heart. On the basis of the anatomical design of the 
_ heart’s vascular bed, as given by Wearn, one would expect that if the 
pressure in the coronary arteries is artificially dropped to zero, blood 
should enter the coronary arteries directly from the inside of the heart, 
through the arterio-thebesian communications, being either squeezed out 
of the ventricles at each systole, on account of the high intraventricular 
pressure, or gently forced through, in diastole, or both. 

Experimentally, conditions in which the back-flow just described 
would take place are quickly obtained by cutting a superficial branch of 
@ coronary artery in a beating heart; if that be done, an actual back-flow 
from the distal end of the cut artery will be observed, the blood being 
pushed out in jerks synchronous with each systole [Porter, 1898]; how- 
ever, in this case it is impossible to decide whether the blood is coming 
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from the ventricles or if instead, as Porter thought, it is simply derived 
from vessels of the coronary system which still remain in connection with 
the aorta. Anrep and Hiausler [1928] made a similar observation in 
experiments in which one or other large branch of the left coronary artery 
of the dog’s heart was perfused from a reservoir; on lowering the reservoir 
and making the pressure in the perfused artery lower than that in the 
aorta, the hot-wire anemometer recorded a distinct intermittent back- 
flow from the perfused artery into the reservoir, coincident with each 
cardiac contraction, and the amount of blood thus squeezed out was found 
to vary directly with the difference between the pressures in the aorta and 
the perfused artery. They explained this, as Porter had done, on the 
_ ground that the blood was coming from collateral vessels. After the work 
of Wearn, however, another explanation seemed possible, namely, that 
a direct expression of blood from the ventricles was responsible for part, 
if not all, of the observed back-flow. 

In order to decide the question, conditions were arranged in the pre- 
sent experiments, so that it was possible to produce a drop of blood-pres- 
sure in all the coronary arteries at the same time while the heart went on 
beating. If under these conditions blood still escaped from the peripheral 


end of the arteries, it could only come from the inside of the heart, since 


all possibilities of a collateral supply were now entirely excluded. 


EXPERIMENTAL. 


All experiments were performed on dogs, using the denervated heart- 
lung preparation. Before the artificial circulation was established, the 
coronary arteries were carefully dissected at their origin from the aorta 
and prepared for the introduction of the cannulw, through which they 
were to be perfused. The dissection of the main trunk of the left artery 
is rather laborious: the vessel is very short and deeply situated behind 
the pulmonary artery, and is completely surrounded by richly vascular- 
ized fat and connective tissue. Work on this region, while the tissue is 
being perfused by defibrinated blood (as is the case in the heart-lung pre- 
paration), would soon cause numerous small hemorrhages, and make the 

_ field unsuitable for the further operation. By dissecting the arteries be- 
fore the artificial circulation was established, and while normal coagulable 
blood was still perfusing the tissue, this difficulty was overcome, The field 
had to be perfectly clear to make sure that no small branches of the 
coronary arteries were being perfused from the aorta after the introduc- 

tion of the cannule. This possibility was checked at the end of each ex- 
periment by means of injections of coloured fluid. 
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The heart-lung circuit was then established and the cannule were 
introduced into the coronary arteries. During this procedure the tem- 
perature of the heart and perfusing fluid was kept low (about 32° C.), so 
that the heart beat very slowly. The low temperature also enabled the 
heart better to withstand the temporary cutting off of the blood supply, 
i.e. from the moment the arteries were clamped to the moment perfusion 
through the cannule began. 


blood reservoir 


were perfused. The ligature L round the main trunk of the left artery is tied only after 
cannule 6 and ¢ have been introduced and artificial circulation begins. By 
tap T' the whole coronary arterial system can be open to air through the glass tube M. 


The position of the cannule is shown in the figure: cannula (a) is 
introduced into the right coronary artery, as near to its origin as possible, 
any branch leaving the vessel between the cannula and the aorta having 
been tied off. Cannuls (b) and (c) are both introduced into the circumflex 
branch of the left coronary artery in opposite directions, in such a way 
that when the ligature (Z) around th¢ main trunk is tied, the whole 
territory of this vessel is ith the exception of a few small 
branches which remain cut off between the two cannule. 

The coronary arteries were thus perfused from a separate source and 
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the pressure in them was entirely independent of the pressure in the left 
ventricle and aorta. The tube leading from the reservoir to the arteries 
has, near the heart, a lateral tube connected with a finely graduated glass 
tube placed horizontally at the level of the heart or just a few centimetres 
lower. By turning tap T it is thus possible to disconnect the perfusion 
reservoir and cause the pressure in the whole arterial system to drop 
suddenly to (about) zero. The heart under these conditions goes on beat- 
ing regularly and performing work for one or two minutes, and in the 
- meantime the behaviour of the column of blood in the graduated tube 
(M) gives an indication of what is happening in the coronary arteries. As 
soon as the heart gives the first signs of incipient failure the tap (7) is 
turned to its original position and the perfusion re-established. If care is 
taken to avoid suspension of the blood supply beyond the limits the heart 
can stand, the same procedure can be repeated several times on the same 
heart. If, moreover, the temperature of the heart is reduced, each period 
of observation can be prolonged up to-90 to 100 seconds. 

Immediately on connecting the arterial cannule with the horizontal 
tube (each division of which was equal to 0-01 c.c.) a certain amount of 
blood gushed out from the coronary arteries. After three or four beats, 
however, this back-flow stopped, and no more blood flowed into the tube 


during the whole period of observation. These observations were made at — 


different aortic, and therefore also different intraventricular pressures 
and at different outputs, of the heart. The mean aortic pressure was 
varied between 30 and 150 mm. Hg; and the output between 300 and 
1200 c.c. per minute. The periods of observations were from 30 to 100 


seconds. In no case was a back-flow observed, although the heart went — 


on beating strongly the whole period. The same negative result was ob- 
tained after the administration of various vaso-dilator substances to the 
heart, these being injected either into the cardiac cavities or into the 
coronary arteries themselves. In one experiment an intermittent back- 
flow, synchronous with systole, was observed; but it was found that a 
medium-sized branch of the left coronary artery still remained in connec- 
tion with the aorta. After tying off this branch, no more back-flow could 
be observed. The complete absence of a back-flow under the conditions 
of the experiments just described indicates that in the normally beating 
heart no blood can reach the coronary arteries from the cavities of the 
heart;; it thus fully confirms the explanation given by Porter to the back- 
flow observed by him when an artery on the surface of the heart was cut. 

From the observations of previous investigators we know that blood can 
actually penetrate the Thebesian veins during diastole: this was shown 
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in fact by Pratt [1898] who noticed a continuous outflow from a coronary 
vein when only the right ventricle was filled with blood; and more 
recently by the work of Kinoshita [1929], on the passage of coloured 


_ liquids in dead, relaxed hearts from one ventricle to the other. 


In the present experiments the diastolic pressure was sometimes as 
high as 20 om. water, and the fact that blood did not reach the coronary 
arteries points very much against the existence of the large connecting 
channels between the Thebesian veins and the coronary arteries, postu- 
lated by Wearn [1928]: a territory of high resistance must be interposed 
between the two systems of vessels. 

During the systole the intraventricular pressure increased in my ex- 
periments to a very large extent, but blood was still unable to reach the 
arteries. Here, however, before it can be claimed that high resistance be- 
tween the Thebesian veins and the coronary arteries is responsible for 
preventing the back-flow, it must first be shown that in systole, as in 
diastole, blood can enter the Thebesian vessels: In this respect we have 
as yet no observation recorded in the literature; and it is quite possible 
that during the period of cardiac contraction the entrance of blood into 
the Thebesian veins themselves is prevented. To decide this question 


_ experimentally a second series of experiments was performed. 


Anastomosis between Thebesian veins and the coronary veins and 
coronary sinus has long been recognized. A detailed account of them 
has recently been given by Grant and Viko [1929]. Their easy 
permeability to blood was, moreover, shown by the fact that the 


- coronary veins at the surface of the heart were quickly injected from — 


the Thebesian orifices even when fairly thick injection masses were 
used, thus showing the existence of free anastomosis between the 
two systems of vessels; conversely, gelatine too thick to pass through . 
the capillaries, when injected into the coronary veins under a com- 
paratively small pressure (20 mm. Hg) issued freely from the The- 
besian foramina. If now, during systole, the Thebesian vessels remain 
in free communication with the cavities of the ventricles, the blood 
entering the former under a high pressure would be forced partly into 
the capillaries, and to a larger extent through the communicating chan- 
nels into the coronary veins of the heart. From the experiments de- 
scribed above it is seen that no measurable amount of blood is forced 
through the coronary capillaries; this, however, is not a proof that the 
blood has not passed the Thebesian orifices, for the perfusion from the 
coronary arteries under a considerable head of pressure is greatly reduced 
or completely stopped by the contraction of the heart [Anrep and 
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Hausler, 1928], presumably on account of the high resistance offered 
by the capillaries during that stage of the cardiac cycle. To prove that no 


blood penetrates the Thebesian vessels during systole, one must show 


that the coronary veins do not receive any blood from the former during 
this period. An attempt to investigate this problem was made, therefore, 
by following the behaviour of the outflow from the coronary sinus, while 
the perfusion pressure in the coronary arteries was kept at zero, and the 
heart went on beating strongly against a high arterial resistance. Can- 


nule were placed in the coronary arteries in the same manner as in the — 


experiments already described. In addition, the coronary sinus was 
drained by means of a Mora witz cannula, and the coronary outflow was 
continuously recorded. It was found that when the perfusion through 
the coronary arteries was stopped the coronary outflow rapidly decreased, 
until after 8 to 12 heart beats there was a complete cessation of flow, 
which lasted throughout the observation. The durations of the observa- 
tions varied between 60 and 100 seconds. Here, as in the above experi- 
ments, different arterial resistances and different outputs were tried, care 
being taken to keep the pressure in the coronary sinus at the same level 
as the venous pressure by adjusting the height of the external opening 
of the coronary sinus cannula. The injection of -vaso-dilator substances 
was also tried, but no change was observed. 

These experiments show that at the time the intraventricular pressure 
rises as a result of the cardiac contraction, the Thebesian vessels are im- 
pervious to blood in the ventricles. It follows that if in an otherwise 
normally beating heart the coronary arteries become suddenly occluded, 
the heart has a chance of being supplied through the Thebesian veins 
only in diastole, and therefore only to a very small extent: as a matter of 
fact this source of nutrition generally proves insufficient — ventricular 
fibrillation or death of the heart soon occurs. 

In the heart, normally perfused from the aorta ontigh the coronary 
arteries, the amount of blood which can reach the heart muscle via the 
Thebesian vessels must be still smaller, if any at all, on account of the 
fact that, during diastole, the Thebesian veins are being supplied from 
the coronary capillaries. It is therefore difficult to conceive that the 
Thebesian vessels can play any significant réle either in the blood supply 
to the heart muscle, during the normal activity of the organ, or as a means 
of transportation to the heart of chemicals and drugs injected into the 
ventricles of a beating heart. 

However, some observations reported by Wiggers [1929] seem to 
oppose this view. Wiggersfound that ephedrine, strophanthin, CaCl, , KCl, 
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etc., injected into the R.v. of a cat’s heart perfused shies the coronary 
arteries, and prevented from coming into contact with the external sur- 
face of the heart, produced effects upon the whole heart similar to those 
resulting from the introduction of smaller doses into the coronary arteries. 
He concluded that these substances had been absorbed from the cavity 
of the right ventricle and distributed to the cardiac muscle through the 
Thebesian vessels, whose physiological importance in this respect was 
thereby demonstrated. 

I have made similar observations during the course of this investiga- 
tion. The whole coronary perfusion being in my experiments, so to speak, 
exteriorized, it was possible to inject various vaso-dilator and vaso- 
constrictor substances into the left or the right ventricle, and follow their 
effect, while a direct contact with the coronary arteries was completely 
excluded. The inflow of blood from the reservoir into the coronary arteries, 
recorded by means of a respirometer, showed variations similar to those 
obtained by direct injection into the arteries, only that the minimum 
amount needed in the former case was many times as large as in the 
latter. The following table in which are given the results of three different 
experiments serves as an illustration. The figure under the heading 
“coronary inflow after injection of the drug” represents the value at* 
the time when the change is at a maximum. 

TaBLEe I. Comparative effect upon the coronary circulation of drugs injected into the 


the coronary arteries. | 


Adrenaline 0-10 mg. in B.v. 42 48 95 300 
4g 0007 in cor. art. 40 60 95 320 
Pituitary extract (B.D. H.) 1-00 c.c. in B.v. 55 50 90 350 
»” ” 0-1 ¢.c. in cor. art. 55 30 90 350 
Adrenosine 30 in B.v. 36 40 100 250 
35 48 100 280 


It can easily be shown, however, that the application of the same 


drugs to the external surface of the heart has a similar effect ; absorption 


and transportation to the whole heart muscle of substances applied to 
the external or to the internal surface of the heart, seem therefore to take 
place without any need in the latter case of a mechanical transportation 
via the Thebesian vessels. 3 
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SuMMARY. 


.1, In the normally beating heart of the dog there is no evidence that 
blood can pass freely from the cavities of the heart into the coronary 
arteries at any stage of the cardiac cycle, however low be the pressure in 
the latter as compared with that in the former; the existence claimed by 
Wearn of large channels connecting the Thebesian veins with the 
coronary arteries is therefore not supported. 

2. During systole the Thebesian vessels are closed to the entrance of 
blood from the ventricles; a supply to the heart muscle through these 
vessels from the inside of the heart seems possible only in diastole. 

3. The extent to which these vessels can act under normal heart con- 
ditions both as a means of blood supply to the heart. muscle and as a 
means of transportation of chemicals and me introduced into the heart 
cavities is also discussed. 


My best thanks are due to Dr G. V. Anrep and to Prof. J. Barcroft 
for their help and criticism during this Work. 
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SOME OBSERVATIONS ON THE EFFECT OF 
PRESSURE IN THE CAROTID SINUS UPON 


THE ARTERIAL PRESSURE AND UPON 
THE CORONARY CIRCULATION. 


By G. STELLA (George Henry Lewes Student). 
(From the Physiological Laboratory, Cambridge.) 
THE experiments described below were all performed on dogs, injected 


with morphine (0-5-1-0 cg. per kg.) and urethane (0-30 g. per kg.). One 
carotid sinus or both were isolated and artificially perfused, by means 


of a technique similar to that already employed by Heymans and — 


Bouckaert [1929]. When only one sinus was perfused, the other was 
dissected ready for any operation which might be required in the course 
of the experiment. For the perfusion, dog’s blood diluted with an equal 
amount of Ringer’s solution was employed. A blood reservoir, a small 
rubber pump rhythmically compressed and fitted with two valves to 
ensure the movement of the blood in one direction only, the piece of 
carotid, and an adjustable resistance formed the artificial circuit. The 
pressure in the sinus was recorded by means of a mercury manometer, 
connected to the central end of the lingual artery. 


DEPRESSOR EFFECT OF VERY LOW PRESSURES IN THE CAROTID SINUS. 
It is well known that when the pressure in the region of the carotid 


 sinus-is above a certain level (usually 50 to 60 mm. Hg) depressor im- 


pulses are sent up to the vasomotor centre [Hering, 1927]. 

According to Heymans and Bouckaert [1929] a depressor effect 
upon the general blood-pressure is also observed when the pressure in 
the carotid sinus is dropped below 30-40 mm. Hg, and the effect is the 
more conspicuous the lower the pressure. The general blood-pressure 
thus reaches its maximum when the carotid sinus pressure is between 
40 and 60mm. Hg approx. The observations of Heymans and 


Bouckaert, however, are not supported by those of other investigators. 


Koch [1929], studying the behaviour of the general blood-pressure, 
while the pressure in the sinus was increased from 0 to 200 mm. Hg, 
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found that no difference in the former could be seen until the latter had 
reached 40-50 mm. Hg. Above that level he recorded the appearance 
of a distinct depressor effect. 

More recently Lim and Hsu [1931] reinvestigated the question, in 
experiments in which the pressure in the sinus was varied by different 
methods; in agreement with Koch, and contrary to the findings of 
Heymans and Bouckaert, they were unable to detect any influence 
upon the general blood-pressure on varying the pressure in the carotid 
sinus or sinuses between 0 and 30-40 mm. Hg. : 

Now, although it is not likely that the depressor reflex described by 
Heymans and Bouckaert, even if it really existed, would play any 
part in the reflex regulation of the blood-pressure in the intact organism, 
its occurrence is very interesting, in so far as it may provide information 
as to the mechanism by which depressor impulses are formed in the 
sinus. The sinus receptors are described by De Castro [1928] as lying 
in the depth of the adventitia. If this be so, a mechanical stimulation 
brought about by a distension of the artery is easily understood, but a 
stimulation provoked by a shrinking of the artery under its own elasticity 
is more difficult to imagine. The observations recorded here, however, 
fully confirm the results of Heymans and Bouckaert. Whenever 
the carotid sinus was in nervous connection with the central nervous — 
system, a distinct depressor effect was noticed on decreasing the sinus 
pressure below 30-40 mm. Hg. 

The experiment shown in Fig. 1 is representative. The top curve 
shows the general blood-pressure recorded by means of a mercury 
manometer, connected to the femoral artery—the bottom curve repre- 
sents the pressure in the carotid sinus recorded, as described above, from 
the lingual artery. It is seen that a drop of pressure in the sinus from 
60 to 0 mm. Hg (Fig. 1) causes a distinct drop of the general blood- 
_ pressure. Heymans and Bouckaert [1929] have not investigated 
pressures lower than atmospheric. In my experiments the lowest 
pressure studied was 35 mm. Hg below atmospheric, and this was found 
to have a still more pronounced effect. In Fig. 2 the effect of a carotid 
sinus pressure 20 mm. Hg below atmospheric pressure is seen. 

In the experiment of Fig. 1 as well as in many other similar ones, 
both carotid sinuses were perfused at the same pressure. This was also — 
the case in the experiments of Heymans and Bouckaert. In those 
of Koch, however, only one sinus was perfused while the other was 
denervated. Heymans and Bouckaert ascribed the difference in their 
results to this difference in technique, but it can be shown here that this 
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explanation does not hold. I have made a number of experiments in 
which only one sinus was perfused, and in which, nevertheless, exactly 
the same results were obtained both before and after denervation of the 


Fig. 1. Dog with vagi intact. Top curve: pressure in the femoral artery. Bottom curve: 
pressure in the two isolated carotid sinuses. Middle curve: pneumogram. It shows the 
drop of femoral pressure on decreasing the perfusion pressure in the carotid sinuses. 


carotid sinus on the other side. Similar results were also obtained after 
cutting both vagi in the neck (Fig. 2). 

In Fig. 3 the arterial pressure of a dog with intact vagi has been plotted 
against the pressure in the two perfused carotid sinuses, the pressure in 
the latter being regulated artificially. At any point of the abscissa, the 
arterial pressure can be taken to represent the result of two depressor 
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reflexes acting synergetically (vago depressor and carotid sinus de- 
pressor). The value at which the two pressures are equal in the pre- 


Fig. 2. Dog with vagi cut. Top curve: femoral blood-pressure. Bottom curve: perfusion 
pressure in the right carotid sinus; the left being denervated. Also here, as in the 
experiment of Fig. 1, 
a fall of general blood-pressure. 


paration corresponds to the value to which they would have adjusted 
themselves when they were free to do so in the intact animal from which 
the preparation was made. In the experiment of Fig. 3 this point is 
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reached at 120 mm. Hg, a value very close to that found in the normal 
- PRESSOR REFLEX FROM THE CAROTID SINUS. 


Pavlov in 1879 made some observations which led him to conclude 
the existence of a pressor reflex, having its afferent path in the vagi. 
He found that if the two vagi were cut, while the arterial pressure was 
low as a result of bleeding or of the injection of defibrinated muon, & 
further fall of arterial pressure occurred. 

The same result was obtained by McDowall in animals in which 
the blood-pressure had been lowered by a variety of means (injection of 


Mm. Hg pressure in carotid sinus 


Fig. 3. Dog with intact vagi: pressure in the carotid sinus artificially controlled. It shows 

' the depressor effect of pressure in the carotid sinus both above 40 mm. Hg and below | 
25-30 mm. Hg. 
. this experiment at the value of.about.117.mm. Hg... ata 


alcohol or histamine, bleeding, mechanical diminution of the venous 
return to the heart by compression of the vena cava inferior). 

_ Anrep and Starling [1925] in crossed circulation experiments 
performed on dogs, also noticed a vaso-constriction in the upper part of 
the body on lowering the pressure in the lower part of the body (including 
the heart and lungs); this vaso-constriction did not occur after section 
of both vagi in the neck—they thought that the observed vaso-constriction 
might be brought about not only by theremoval of adepressor mechanism, 
~ but also by the setting up of a pressor reflex travelling along the vagi. 

More conclusive than the observations of Anrep and Starling are 
a few recorded by Anrep and Segall [1926] in which there seemed to 
be a distinct gap between the lowest arterial pressure at which the 
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depressor mechanism begins to act, and the highest arterial pressure at 
which the pressor reflex comes into play. Anrep and Segall found in 
three experiments, that while changes in arterial pressure between 80 
and 120 mm. Hg had no effect on the circulation in the head, a rise 


Fig. 4. Shows absence of pressor effect from the carotid sinus while pressure in the same 
was as low as 50mm. Hg. Dog with intact vagi. Right carotid sinus artificially 
_ perfused. Top curve: pressure in the femoral artery. Bottom curve: pneumogram. 
Middle curve: pressure in the right carotid sinus. At (a) the pressure in the right sinus 
is increased to 260 mm. Hg and the femoral pressure falls down to about 50 mm. Hg. 
At (b) the left carotid sinus is denervated. At (c) an increase of pressure in the right 
carotid sinus, again to 260, brings about a drop of femoral pressure to the same level 

as before (50 mm. Hg). 


above 120mm. Hg caused a vaso-dilatation, while a fall of pressure 
below 80 mm. Hg was accompanied by vaso-constriction. 

_ A similar pressor reflex has lately been advocated for the carotid 
sinus by Heymans [1929]. To show its existence he clamped both 
carotids in an anssthetized and vagotomized dog. The general hyper- 
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tension produced by the fall of pressure in the carotid sinuses thus 
brought about showed a distinct diminution as soon as both carotid 
sinus nerves were cut. The existence of a pressor reflex from the carotid 
sinus seems also confirmed by observations of Danielopolu, Aslon, 
3 Marcu, Proca and Manesco [1927], according to whom it is possible, 
: , in the monkey, to obtain an increase of arterial pressure by suitable 
stimulation of the region of the carotid sinus (see Fig. 4). 
_» The following experiments, however, do not seem to support 
. Heyman’s assumption. They were performed both on dogs with vagi 
: intact and on dogs with vagi cut with the same result. They consisted 
| in raising the pressure in one carotid sinus to 250-300 mm. Hg level, 
while the pressure in the other was kept low (40-70 mm. Hg) by perfusion 
at low pressure, or by clamping the common carotid. The reflex drop 
of general blood-pressure thus brought about was seen to be the same 
before and after cutting the nerve to the sinus which was maintained at 
low pressure, thus indicating that under those conditions a pressor effect 
from that carotid sinus was not playing any part (see Fig. 4). 
The essential difference between my experiments and those referred 
to above lies in the fact that in the former a strong inhibitory stimulus 
(depressor impulses from the carotid sinus under high pressure) was 
acting upon the vaso-motor centres. According to Bayliss [1893], 
however, the result of depressor and pressor impulses acting upon the 
centres at the same time is the algebraic sum of the two, so that it does 
not seem very likely that the last circumstance is responsible for the 
negative result obtained in the present experiment. Further ities 
tion, however, is needed to answer this question. 


CAROTID SINUS AND CORONARY CIRCULATION. 

It was shown by Anrep and Segall [1926] that variations in the 
_ cerebral blood-pressure affect not only the general arterial pressure and the 
| heart rate, but also the state of the coronary supply, an increase of pressure 
in the head causing coronary vaso-constriction. In their experiments, 
performed with the innervated heart-lung preparation, the head was 
perfused through the brachiocephalic artery, so that all variations of 
pressure in the cerebral circulation would have affected the region of the 
carotid sinus. It is possible therefore that part if not all of the effect 
observed was not due to a direct action of pressure in the cerebral 
a vessels, but was brought about reflexly from the carotid sinus itself?. 


1 J. Marcu, in a verbal communication to the Physiological Society of May 1929, 
stated thet stretching or compressing the carotid arteries in the region of the carotid 
sinus reduces the coronary outflow. 

4—2 
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To decide the question a number of experiments were performed in 
which it was possible to change the pressure in the carotid sinus without 
altering the blood-pressure in the head. An ordinary heart-lung-head 
preparation, with one carotid sinus denervated (the left one) and the 
other perfused with the technique described above, was employed. 
Under these conditions perfusion of the head was taking place through 
both vertebral arteries and the left common carotid; the arterial pressure 
in the aorta was maintained at a normal height (100-120 mm. Hg) so 
that a good supply to the brain was ensured. A Morawitz cannula 
was then introduced into the coronary sinus and the outflow recorded. 

On i increasing the pressure in the perfused carotid sinus to 180-200 
@ conspicuous slowing of the heart rate was observed in all the experi- 
ments, accompanied by a fall of aortic pressure, and of the output per 
minute. At the same time the coronary outflow was seen to be much 
reduced. 

_ By driving the heart at constant rate, before and during the increase 
of pressure in the carotid sinus, the diminution of the output per minute, — 
and of the aortic pressure was prevented, but the diminution of coronary 
outflow still remained, although not so conspicuous. The following mute 


_ represents four different experiments. 
Taste I. 
in the | Outflow from the 

perfused sinus Systemic | sinus 

Exp. Hg blood-pressure c.c. per minute 
1 80 100 33 
130 100 30 
200 100 22 
80 100 30 
2 100 130 30 
180 24 
100 130 29 
3 100 115 50 
200 115 40 
115 48 
4 95 80 30 
190 80 25 
90 80 31 


The effect of changing the pressure in the carotid sinus alone, upon 
the coronary circulation, is of the same type and of the same order of 
magnitude as that described by Anrep and Segall in the case of 
pressure changes in the cerebral circulation. In agreement with the 
findings of these workers, moreover, it was found that the variations in 
the coronary outflow thus brought about are independent of changes in 
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the heart rate, since in my experiments the heart rate was kept artificially 
constant, by driving auricles and ventricles at constant rhythm. The 
output of the heart per beat was not measured. It is presumable, how- 
ever, that it increased during the stimulation of the carotid sinus, owing 
to the vaso-dilatation of the vessels of the head, and consequent increase 
of the venous return through the vena cava superior. An increased 
output, however, was not responsible for the result; on the contrary it 
would have tended to increase the coronary flow [Anrep and Segall, 
1926]. For this reason the actual effect of the pressure in the sinus upon 
the coronary flow was presumably more than that shown in the table— 
since the latter was the effect of two antagonistic factors, i.e. reflex 
vaso-constriction produced by the carotid sinus, and reflex vaso-dilata-_ 
tion due to increased output. | . 


SuMMARY, 

1. The depressor effect of low pressures in the carotid sinus, upon 
the general blood-pressure, pointed out by Heymans and Bouckaert 
{1929] is confirmed. The investigation is extended to the effect of 
negative pressure. 

2. Conditions are described which seem to interfere with the coming 
into action of the carotid pressor reflex claimed by He ymans [1929]. 

3. Changes in the coronary circulation of the same type and of the 
same order of magnitude as those brought about by variations of the 
blood-pressure in the head [Anrep and Segall, 1926] can be repro- 
duced by simply altering the blood-pressure in the region of the carotid 
sinus. 
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PSEUDOMOTOR CONTRACTURES AFTER DEGENERA- 
TION OF THE FACIAL NERVE. 


By U. 8. v. EULER! ann J. H. GADDUM. 
(National Institute for Medical Research, London.) 


Two or three weeks after cutting the motor nerves the gastrocnemius 
and tongue muscles of cats and dogs acquire an abnormal sensitivity to 
two forms of stimulation. They respond with a slow contracture on 
electrical stimulation of their vaso-dilator nerves, and also on injection 
of drugs of the nicotine gfoup. In a paper recently published from this 
laboratory [Dale and Gaddum, 1930] an account was given of some 
experiments which seemed to support the view that the vaso-dilator 
nerves produced this effect by liberating acetylcholine at the nerve 
endings. 

The present paper is concerned with another phenomenon which 
appears to be of the same kind. Dastre and Morat [1884] found that 
strong stimulation of the cephalic part of the divided cervical sympa- 
thetic in the dog caused flushing of the lips and gums. This observation 
was confirmed by various other workers [see especially Langley and 
Dickinson, 1890]. Rogowicz [1885] found that if the facial muscles 
were sensitized by cutting their motor nerve a fortnight previously, 
stimulation of the cervical sympathetic produced a contracture of*the 
upper lip and suggested that this effect was analogous to the contracture 
of the denervated tongue in response to stimulation of the chorda 
tympani which had been described by Philippeaux and Vulpian 
[1863] and studied by Heidenhain [1883]. Rogowicz’ observations 
were confirmed by v. Rijnberk [1915]. 


METHODs. 


The dog’s left facial nerve was divided aseptically in a preliminary 
operation under ether anzsthesia. The branch which runs across the 
lateral surface of the masseter muscle was traced centrally and the main 
trunk of the nerve was divided at its point of exit from the stylomastoid 


1 Fellow of the Rockefeller Foundation. 
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foramen. Portions of the trunk and of each of the three main branches 
were removed. In two experiments the superior cervical ganglion was 
removed by Dr H. H. Dale 18 and 11 days before the operation on the 
facial nerve. 

About 14 days after the facial nerve had been cut the dog was deeply 
anesthetized with ether, and then chloralose by intravenous infusion, 
and given vigorous artificial respiration. The left annulus of Vieussens 
was exposed by dividing the upper part of the sternum in the middle 
line. The two limbs of the annulus were divided at the level of the sub- 
clavian artery, and traced to the inferior cervical ganglion, which, with 
some centimetres of the cervical sympathetic nerve was dissected away 
from the vagus and prepared for stimulation. 

In some experiments the intra-orbital nerve was exposed in the face. 
In other cases the same nerve was traced centrally by opening the bony 
canal, or by removing the zygomatic process of the malar bone. The 
stimulation of the nerves was made, as in the experiments of Dale and 
Gaddum, with platinum electrodes, and the same induction coil was 
used. | 

Intravenous injections were made through a cannula in the femoral 
vein and intra-arterial injections into the carotid artery, either through 
a cannula in the central end of the superior thyroid artery, or by piercing 
the arterial wall with the needle of a syringe. 
| In one experiment the dog’s head was removed from the body and 
perfused with defibrinated blood through’ the left carotid artery by 
means of a pump [Dale and Schuster, 1928]. In this case the blood 
was oxygenated in the lungs of another dog, and the natural circulation 
was maintained through the right carotid until just after the artificial 
circulation had been started. Anssthesia of the severed head was main- 
tained by chloralose added to the perfused blood. 


GENERAL DESCRIPTION OF THE CONTRACTURE AND THE 
METHOD OF RECORDING. © 

Under the conditions described above the stimulation of the cervical — 
sympathetic produced a slow contracture of the lip in seventeen experi- 
ments out of twenty. The flushing of the gums and lips was also observed 
in most cases. In two of the experiments where no contracture was seen 
the flushing was also absent. This contracture, due to stimulating the 
nerve, appeared to be confined to a muscle, known as the canine muscle 
which runs along the upper lip parallel with its edge [Ellenberger and 
Baum, 1894]. The skin in the region of the whiskers was drawn together 
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from back to front. When the dog was lying on its back the upper lip 
stiffened and its margin moved upwards so as to cover the teeth more 
completely. This change is illustrated photographically by v. — nberk 
{1915}. 

When acetylcholine or tetramethylammonium iodide 9 was injected 
in the carotid artery a similar contracture occurred, not only in the 
canine muscle, but also in a number of other muscles controlling the 
face and ear. 

The contracture was sosicniedl by fixing the two arms of a Cushny 
myograph [Cushny, 1910] to points of the skin just behind and just in 
front of the region where the whiskers are. The magnification of the 
movement was usually about 20: When a strong contracture was ob- 
tained the myograph gave a clear record of its general features, but it 
was impossible to place much confidence in the records of movements 
which were not seen by direct observation, because the instrument was 
affected by the contraction of a number of different muscles. The records 
are particularly open to doubt in experiments where the contracture 
was due to the injection of drugs, since in this case the movement was 
very widespread, and in some cases the injection of acetylcholine pro- 
duced on the record an apparent relaxation of the lip, which was seen 
on inspection to be really due to the contracture of muscles in other 
parts of the face. 

The course of the reaction is shown in the figures. After a latent 
period of several seconds the contracture reached a maximum in 15-20 
seconds and normally disappeared in about the same time. In its time 
relations it thus resembled the contractures previously studied in the 
tongue and gastrocnemius. The resemblance was also shown in the 
action of drugs. 3 

THE ACTION OF DRUGS. 

It was shown by Rogowicz [1885] that pseudomotor contractures 
of the degenerating muscles of the face were produced by the injection 
of nicotine. This fact is strong evidence that the contracture which he 
observed is due to similar causes to the contractures of the denervated 
tongue and gastrocnemius. We find that two other drugs of the same 
_ group, acetylcholine and tetramethylammonium, produce the same effect 
as nicotine. These observations increase the weight of evidence insupport 
of the same view. 

Eserine. 

Eserine (physostigmine) appears to have a specific effect in inhibiting 

the destruction of choline esters in the body [Engelhardt and Loewi, 
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1930; Matthes, 1930]. The injection of this drug intensifies the action 
_of the nerves which are thought to act by liberating acetylcholine, and 
the fact that it increases the pseudomotor contractures of the tongue 
and gastrocnemius is one of the arguments for the theory that these are 
due to the liberation of acetylcholine [Dale and Gaddum, 1930]. We 
find that this contracture of the lip resembles the other contractures in 
being increased. by eserine (see Fig. 1). In this experiment in order to 
be sure that the effect of eserine was not due to an unspecific increase 
in the sensitivity of the muscle, control injections of tetramethyl- 
ammonium iodide were made as in the earlier experiments on the tongue 


Fig. 1. Dog’s lip. Effect of eserine (0-5 mg., intravenous at 2.49 p.m.) on contractures 
due to stimulation of the cervical sympathetic (coil distance 10 cm.) (Stim.), and on 
intra-arterial injections of tetramethyl ammonium iodide (7'.M.). 


and gastrocnemius. This substance is one of the group of drugs pro- 
ducing the contractures, but is not an ester, and not readily destroyed 
in the body. Its action on the lip was not found to be increased by 
eserine. The effect of the eserine was therefore probably due, as in the 
case of the contractures of the tongue and gastrocnemius, to the inhi- 
bition of the destruction of the acetylcholine liberated by the nerve 


endings. | 
Adrenaline. 
The effect of adrenaline on these reactions was complicated by the 


fact that adrenaline itself often appeared to produce a slow contracture 
of the muscle. This phenomenon was best shown when small doses 
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(0-01-0-05 mg.) were injected intravenously, but was also seen after 
small arterial injections (0-002 mg.) (see Fig. 2). The contracture was 
much slower than those due to stimulation of nerves or the injection of © 
acetylcholine and would probably not have been detected by unaided 
visual observation. In some cases, however, it could be obtained re- 
peatedly and it was found to be unaffected by cutting the infra-orbital 
nerve, or by the injection of either ergotoxine or eserine. In a dog which 
showed this effect quite clearly on the denervated side no such effect 
was seen under identical conditions on the normal side. The nature of 
this phenomenon is obscure. It differs from the effect of stimulating 
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‘Fig. 2. Dog’s lip. Ad., intra-arterial injection of 2y of adrenaline. St., stimulation of 
cervical sympathetic for 15 secs. Coil distance 8 cm. 
10 secs. after the injection. 


the cervical sympathetic in its time relations and in the fact that it was 
not enhanced by eserine. It appeared to be produced by an actual 
contracture of the canine muscle, but it was difficult to be certain even 
on this point. No evidence was obtained in the earlier work of such an 
action of adrenaline on any other denervated muscle. 

As in the case of the drug contractures previously studied adrenaline 
(10y) injected arterially completely abolished the comparatively rapid 
contracture due to acetylcholine (10y) injected 10-15 seconds later. 
When the acetylcholine was given at a longer interval after the adre- 
naline the subsequent contracture was usually abnormally prolonged. 
In most cases this was clearly due to a simple addition of the effects of 
the two drugs. In one experiment, however, the immediate inhibitory 
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effect of adrenaline (10y, injected arterially) was followed by what 
appeared to be a real potentiation of the action of acetylcholine, similar 
to that seen in experiments on the gastrocnemius and the isolated 

The effect of adrenaline, on the contractures of the tongue and 
gastrocnemius due to stimulation of vaso-dilator nerves, proved on 
analysis to present no essential difference from its effect on drug con- 
tractures. In the case of the lip, however, we were unable to detect the 
typical phases of the action of adrenaline. After a large dose of adrenaline 
(0-2—1-0 mg. intravenous, or 20+ intra-arterial) the nervous contracture 
was diminished, and only recovered after many minutes, if at all. After 
smaller doses the contracture was unaffected. When adrenaline itself 
- produced a slow contracture this was simply added to the nervous con- 
tracture (see Fig. 2). There was no evidence of petentiation. 


Ergotoxine. 

This drug which inhibits most of the typical motor effects of stimu- 
lating the sympathetic was found to be without action on the con- 
tracture of the lip due to stimulating the cervical sympathetic. However, 
since it did not diminish the slow contracture due to the injection of 
adrenaline, this observation cannot be regarded as strong evidence that — 
the nerve fibres producing the contracture act differently from the 
majority of sympathetic nerve fibres. 


THE ANATOMY OF THE NERVES PRODUCING THE EFFECT. 


After most of the experiments described in the following sections 
had been made, we found that the course which they indicated, for the 
fibres responsible for the contracture of the denervated canine muscle, 
coincided with that which had been traced by Dastre and Morat, as 
long ago as 1884, for the fibres concerned in the flushing of the mucous 
membrane of the lips and gums, 

ae Location of the ganglion-cell station. 

_ The reproduction of the effect by acetylcholine suggested that the 
fibres with which we were concerned, though running in the cervical 
sympathetic, might make synaptic connection with cells of some other 
ganglion than the (sympathetic) superior cervical ganglion. To test this 
point we have stimulated the cervical sympathetic nerve before and 
after the application of nicotine to the superior cervical ganglion. 
Langley and Dickinson [1890] had observed that the flushing of the 
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lips in response to such stimulation was paralysed, earlier than othér 
cervical sympathetic effects, by injection of nicotine into the general- 
circulation. This, however, would be compatible with a ganglion-ce | 
connection in some more peripheral ganglion, such as the sphenopala- 
tine. The following protocol shows the effect on the flushing, of direct 
application of the alkaloid to the superior cervical ganglion. 


_ Normal dog 11-2 kg. Anssthetized with ether followed by chloralose. Artificial respi- 
ration. Left cervical sympathetic prepared for 
stimulation. 

12.25, 12.29, 12.33 and 12.43 p.m. Stimulation of left cervical sympathetic for 15 secs. 
Coil distance 6 cm. Marked flushing of gums and inner surface of cheek on left side. 
Dilatation of left pupil. 

12.47 p.m. 1 p.c. nicotine tartrate in saline painted carefully on the surface of the 
left superior cervical ganglion. 

12.50 p.m. Same stimulation. Diminished flushing. Diminished effect on pupil. 

12.50-12.54 p.m. ‘More of the same nicotine solution painted on the ganglion. 

12.56 and 1.0 p.m. Same stimulation. No effect on flushing. Small effect on pupil. 

1.43 p.m. Same stimulation. Marked flushing. Dilatation of pupil. 

Nicotine was then again painted on the ganglion and the effect of stimulation on the 
lips again disappeared. 


Fig. 3. Dog’s lip. Stimulation of cervical sympathetic for 10 secs. Coil distance 8 cm. 
1 p.c. solution of nicotine tartrate in saline on superior cervical ganglion at 3.55 p.m. 


The effect on the contracture of the denervated lip of painting 


nicotine on the superior cervical ganglion is shown in Fig. 3. In this 


case the effect was abolished by the nicotine, and was never obtained 
again. Similar results were obtained in two other experiments. In one 
case the paralysis became incomplete about an hour after the nicotine 
had been applied. The cell station, both for the flushing and for the 
contracture, is clearly in the superior cervical ganglion. 

In most of these experiments stimulation of the cervical sympathetic 
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above the inferior cervical ganglion caused a distinct fall of blood- 


- pressure. This effect was not seen when the sympathetic was stimulated 
 Ublow the point where it joins the vagus, and was not affected by painting 


nicotine on the superior cervical ganglion. It was presumably due to 
some depressor afferent fibres included by dissection in the sympathetic 


bundle. | 
_ Course of the post-ganglionic fibres. 
The contracture and the flushing both persisted after division of all 
the nervous branches from the superior cervical ganglion which ran with 


Fig. 4. Dog’s lip. 12.26 p.m., stimulation cervical sympathetic for 15 secs. ; coil distance 

7 com. 1.46 p.m. (after exposure of infra-orbital nerve); stimulation of cervical 

sympathetic for 30 secs.; coil distance 5 cm. 1.48 p.m., infra-orbital nerve divided. 

1.50 p.m., same stimulation as at 1.46. Sa 
for 15 secs.; coil distance 5 cm. 


the external carotid artery. Both effects were abolished by cutting the 
branches running with the internal carotid artery into the skull. The 
effect on the blood-pressure which has been ascribed to the stimulation 
of afferent depressor fibres was not affected by either of these sections; 
evidently the fibres belong to the vagus, and run with the latter after 
the sympathetic fibres have joined the superior cervical ganglion. 
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The intracranial course of the fibres causing the contracture has not 


been traced, but the results shown in Fig. 4 prove that they emerge from 
the skull in the infra-orbital branch of the trigeminal nerve, which is 
known to form a plexus with the facial nerve in the face. At 12.26 p.m. 
stimulation of the cervical sympathetic produced a well-marked con- 
tracture. A large part of the malar bone was then removed and the 
infra-orbital nerve dissected out as far as its point of junction with the 
sphenopalatine nerve; the sphenopalatine ganglion was dissected away 
from the infra-orbital nerve. When this dissection was complete the size 
of the response to stimulation of the cervical sympathetic was greatly 
diminished, but a definite response was obtained at 1.46 p.m. by increasing 
the strength of the stimulation. The response was completely abolished 
by cutting the infra-orbital nerve. Subsequent stimulation of the peri- 
pheral end of the infra-orbital nerve produced a much larger response 


than any that had been previously obtained by stimulating the cervical — 


sympathetic. This experiment confirms an observation by Tsuji [see 
Kuré, Sakurasawa and Tsuji, 1928]. 

The diminution of the response caused by preliminary dissection in 
the above experiment does not prove that some of the nerve fibres 
causing the effect had been divided because these nerve fibres appear 
to be very easily damaged, and it has been found that even careful 
dissection of the infra-orbital nerve in the face also greatly diminishes 
the response. In other experiments the infra-orbital nerve has been 
divided in the face. This has always completely abolished the effect of 
stimulating the cervical sympathetic, and the nerve fibres causing the 
effect therefore all run in this nerve. The experiment described above 
shows that some, if not all, of the nerve fibres reach this nerve without 
passing through the sphenopalatine ganglion. — 

The structure of the infra-orbital nerve has been studied by Kuré 
and Sakurasawa [1929]. According to these authors the nerve contains: 

(1) Large, medullated fibres, forming about 90 p.c. of the total 
number of fibres. 

(2) Small medullated fibres (diameter under 3). The fibres arising 
in cells in the sphenopalatine ganglion all belong to this group. 

(3) Non-medullated fibres in scattered bundles. These are all derived 
from the cervical sympathetic and degenerate when the superior cervical 


ganglion is extirpated. They join the maxillary division of the trigeminal 


below the Gasserian ganglion. 
It seemed probable that the nerve fibres producing the contracture 
belonged to Class 3. The left superior cervical ganglion was accordingly 


J 


Pe 
& 
~ 
<a 
ty 
ia 
‘9 
By 
2] 


PSEUDOMOTOR CONTRACTURES. 63 


extirpated in two dogs. Eighteen and eleven days later the left facial 
nerve was cut, and after a further fortnight the final experiment was 
carried out with the usual arrangements for mechanical recording. In 
both cases stimulation of the infra-orbital nerve produced definite con- 
tracture and flushing of the lips. In the dog it is not easy to be certain 
of extirpating the whole of the upper pole of the superior cervical ganglion. 
In the first experiment it was found post-mortem that a small portion 
of the ganglion had been left behind. In the second experiment no such 
remnant could be found. This experiment thus shows that both the 
contracture and the flushing can be produced by nerve fibres which are 
not derived from cells in the superior cervical ganglion. 

As regards the flushing the same result had already been obtained 
by Dastre and Morat [1884]. These authors concluded that there were 


_ in the infra-orbital nerve two different kinds of nerve fibres either of 


which might produce flushing of the dog’s lips, one derived from the 
sympathetic, the other from the parasympathetic. If it could be shown 


that the effect of the cervical sympathetic on the lip was secondary to 


changes occurring elsewhere there would be no need to suppose that 
the same complex effect could be produced by two quite different kinds 
of nerve fibre. In particular, the whole effect of the sympathetic stimu- 


lation might be due to ansmia of some centre in the brain, causing 


impulses to pass down fibres proper to the infra-orbital nerve. In order 
to test this possibility we have occluded both carotid arteries and both 
vertebral arteries singly and together. On one occasion the occlusion of 
all four arteries produced a contracture, but in a number of other ex- 
periments the result was completely negative. The occlusion of all these 
arteries produced no contracture by itself, and stimulation of the cervical 
sympathetic produced as large a contracture when all the arteries were 
occluded as when the circulation was intact. Occluding the vessels, 
however, does not always produce complete cerebral ansmia in the dog 
[Greeley and Greeley, 1930], and we therefore carried out an experi- 
ment in which a dog’s head was removed from the body and perfused 
with a pump. The result of this experiment is shown in Fig. 5. The upper 
record shows the outflow (for the method of recording this, see Gaddum, 
1929). The lower record shows the contracture of the lip recorded in the 
usual way. 

At 1.3 p.m. stimulation of the cervical sympathetic produced a con- 
tracture. At 1.5 p.m. the pump was stopped and after 30 seconds the 
outflow of blood had stopped completely. This produced a slight change 
in the position of the recording lever, which was probably due to simple 
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mechanical causes. At 1.6 p.m. the same stimulation produced a con- 
tracture similar in size and duration to that seen when the circulation 
was intact. The contracture is therefore not secondary to local anemia, 
and there is no reason to doubt that the theory put forward by Dastre 
and Morat is correct. We believe that stimulation of the cervical sympa- 
thetic produces both the contracture and the flushing directly through 
_ the non-medullated sympathetic fibres described by Kuré and Sakura- 
sawa, but that the infra-orbital nerve contains other fibres capable of 
producing the same effects. 


Fig. 5. Upper record outflow of blood in perfused dog’s head. Lower record contracture 
of lip due to stimulation of cervical sympathetic for 15 secs. Coil distance 9 cm. 


Discussion. 

The nerve fibres causing the flushing and those causing the con- 
tracture have the same origins and the same courses, so far as we have 
been able to trace them. There are many points of correspondence be- 
tween them, as regards the influences promoting or interfering with their 
effects, and there is no reason to doubt that the fibres responsible Sot 
both effects are of two, and the same two, kinds. 

(1) Sympathetic nerves having a synapse in the superior cervical 
ganglion. 

(2) Nerves not of sympathetic origin, which ——- have a 

synapse in the sphenopalatine ganglion. | 
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It is probable that both kinds of nerve fibre act by liberating acetyl-_ 
choline at the nerve ending. The presence in true sympathetic nerves of 
fibres acting in this way is surprising, though it is known that the nerve | 
fibres to the sweat glands are also pharmacologically parasympathetic — 
though they run in true sympathetic nerves. 

Kuré, Saégusa, Kawagychi and Sharaishi [1930] have found 
small medullated fibres in the central ends of cut dorsal spinal roots after 
long degeneration, and have attributed to these a parasympathetic 
nature with synapses in the dorsal root ganglia. If their interpretation 
can be accepted it would be natural to suppose that the effects of Dastre 
and Morat and of Rogowicz might be due to fibres of this type. This 
possibility is excluded both by the observation of Dastre and Morat 
[1884] that the nerves producing the flushing emerge from the spinal 
cord in the anterior spinal roots, and by our own observations of the 
effect of nicotine on the superior cervical ganglion. 


SUMMARY. | 3 | 
1. The pseudomotor contracture of lip after section of the motor 


nerve, which was first described by Rogowicz, has been studied. 


2. It resembles the analogous contractures of the tongue and gastroc- 
nemius in its general features and in its reaction to drugs. It is probably 
due to the liberation of acetylcholine by the nerve endings of vaso- 
dilator nerves. 

3. The nerve fibres in the cervical sympathetic which produce the 
effect have a synapse in the superior cervical ganglion. The post-ganglionic 
nerve fibres run thence with the internal carotid artery into the skull. 
They join the trigeminal nerve peripherally to the Gasserian ganglion 
and run down the infra-orbital nerve to the face. In all these respects 
they are identical with the nerve fibres producing the flushing of the 
lips and gums. Though pharmacologically parasympathetic, anatomic- 
ally they are typical sympathetic nerves. 

4, Both effects may also be produced by other nerve fibres which 
are not of sympathetic origin, but which also run in the infra-orbital 
nerve. 

5. The injection of adrenaline usually produces a contracture of the 
denervated face, which is much slower than the effects described above, 
and which also differs from the effect of stimulating the sympathetic 
nerves in the fact that it is not affected by eserine. 
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THE BEHAVIOUR OF LIVER GLYCOGEN IN 
EXPERIMENTAL ANIMALS. 


I. Methods: the effect of ether and amytal. 
By C. LOVATT EVANS, CHIAO TSAI ann F. G. YOUNG? 


(From the Department of Physiology and Biochemistry, 
University College, London.) 


THE experiments deseribed in the present paper are of the nature of an 
introduction to investigations to be deseribed in later communications. 
After attempts in various directions we found that a satisfactory criterion 
of the glycogen content of the liver could be obtained by taking samples 
from recently etherized animals. Moreover, it became evident that it 
could by no means be taken for granted that by the use of amytal the 
glycogen content of the liver remained for long at the level which it had 


| at the commencement of the experiment and prior to the administration 


of amytal. 
The experiments were carried out on cate which had been fasted for hours. 


Samples of the liver (4 to 1 g.) were removed between strips of bamboo, the sample 
having been drained of blood in a uniform manner, was rapidly weighed to the nearest 
milligram, and plunged into hot 60 p.e. potash. By the use of a Bunge quick-weighing 
air-damped balance it was usual to get the samples into potash in about 40 seconds after 
their removal from the body. To ensure proper drainage of the sample, this was sliced up 
on thick blotting paper, and the slices weighed by difference on a small filter paper. 
During the weighing a further quantity of blood drained out. We found that, apart from 
the advantage of better drainage of blood from the tissue, somewhat higher results were 
obtained when the liver was cut into slices than when the sample was transferred whole 
into the potash. In most cases two samples were simultaneously taken, and the results 
given are the means of the duplicates. In order to facilitate the carrying out, with an 
accuracy sufficient for our purpose, of a considerable number of glycogen estimations the 
following procedure was adopted: 

Potash hydrolysis was carried out in Pyrex test-tubes, each bearing a distinctive 
number, and having a mark etched at 8 c.c. Into each of these, 2 c.c. of 60 p.c. potash was 
accurately measured, and the tube was loosely stoppered by a glass ball and placed in the 
boiling water bath until the sampling was made. Into this hot potash the slices (about 
: 2 Shanghai; Fellow of the Rockefeller Foundation, 
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2mm. thick) of weighed liver tissue were quickly plunged with forceps or by a glass 
plunger; the tube, after being quickly brought to the boil over a free flame, was covered 
by the glass ball and returned to the water bath for 3 hours. 

The tubes were then cooled, and glacial acetic acid added from a burette in quantity 
(about 1-2 to 1-3 .c.) sufficient to neutralize, or very slightly acidify, the contents, by 
which procedure a considerable precipitate of protein was thrown out, Water sufficient to 
make up to the 8 c.c. mark was then added, and the contents mixed and filtered into an 
appropriate centrifuge tube bearing the same number as the potash tube. 

The glycogen centrifuge tubes are made of thick Pyrex glass with rounded bottoms and 
of about 13 c.c. capacity. Each tube bears graduations at 4, 10 and 12c.c. Four c.c. of the 
neutralized hydrolysate were filtered off into the tube, and absolute alcohol added to the 
12 c.c, mark (i.e. to about 67 p.c. alcohol). The tube was then centrifuged for 10 minutes at 
a speed of 3000 revolutions per minute, by which the glycogen is adequately thrown down. 
The volume of glycogen precipitated was noted, as a guide to the amount of solution to be 
ultimately taken for the analysis. 

After pouring off the supernatant fluid and draining well, six drops of water were added, 
and the deposit, if necessary, warmed to hasten solution. Then about 3 c.c. of absolute 
alcohol were added to reprecipitate it, and the whole again centrifuged. The precipitated 
glycogen was almost white, and reasonably pure, The alcohol was again decanted and 
drained off thoroughly, 3 .c. of 2:2 p.c. HCI were added, the tube covered with the glass 
ball and placed in the water bath to hydrolyze for 3 hours. 


The solution was next almost neutralized with a saturated solution of sodium carbonate | 


(about 0-8 o.c,), made up to the 10 ¢.c, mark, and an aliquot portion taken for analysis by 
the Shaffer-Hartmann (5 c.c,) method [1920]*; the final titration was carried out with 
N/200 thiosulphate, and, with the procedure as given above, and with amounts of glucose 
that give titrations about the middle part of the Shaffer-Hartmann curve, the per- 
centage of glycogen is given by the formula: 


where diffrence in tee between timation snd Ulan, inc, w=weght of ars 
taken in grams, y=c.c. of acid hydrolysate taken for the analysis. 


_ Muscle glycogen. 
_ Determinations of muscle glycogen were carried out in a similar way, except that little 
drainage was needed. The selected muscle was carefully exposed, and the sample usually 
cut simultaneously by two operators with sharp scissors, without suspending the circulation 
the inconsiderable bleeding which ensued. 


Precipitability of glycogen by alcohol. 
It has been previously pointed out by one of us [Evans, 1925, 1926] that 
especially when present in small amounts, is incompletely precipitated by the 57 p.c. 


1 After completion of this investigation we carried out some glycogen determinations 
in which the final glucose was estimated both as described above, and by Hanes’s modifica- 
tion [1929] of the Hagedorn-Jensen method. The results by the latter method were 
considerably higher than those by the use of the Shaffer-Hartmann method, and the 
same was true, though to a smaller extent, of estimations on pure glucose solution. The 
difference appears to be in part due to reoxidation in the Shaffer-Hartmann method as 
we carried it out. Lee re 
lute values for glycogen content may be definitely too low. 
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alcohol employed in the Pfliiger method. Lawrence [1931] found that with un- 
neutralized potash hydrolysates, a concentration of 80 p.c. alcohol gave the best results. 

We found that, after precipitation of the glycogen by the 67 p.o. alcohol which we em- 
ployed, treatment of the clear supernatant fluid with more alcohol did produce a further 
precipitate; but this on being put through the routine for glycogen estimation gave no 
reducing power, We conclude therefore that with the method employed, including the 
previous neutralization of the potash, we secured fall precipitation of glycogen. 


General. 

Blood sugar was determined, in arterial blood, by the Hagedorn-Jensen method 
[1923] and blood lactic acid by the Friedmann, Cotonio and Shaffer method [1927]. 

In some experiments amytal was administered, but this was discontinued, for reasons 
to be given later. Rectal temperatures were kept as constant as possible thronghout st 
38-5° C, 

In some experiments the suprarenals were inactivated, either by dividing both splanch- 
nics (for brevity called the “S.8. operation”) or by dividing one splanchnic and removing 
the opposite suprarenal (referred to as the “S.A. operation,” e.g. “L.S.A.” signifies division 
of left splanchnic and removal of right adrenal : 


RESULTS. 
Rate of loss of glycogen from liver in vitro. 

It was anticipated that the liver glycogen would disappear so rapidly 
after the removal of the liver samples from the body, that we might well 
fear the loss of a significant amount of it-even during the 40 seconds or so 
taken for sampling: yet it was equally clear that if the sample were not 
reasonably well drained of blood, uniform results could not be expected. 
We therefore determined the rapidity with which the glycogen disap- 
peared from slices of liver kept moist and allowed t6 assume the room 
temperature after removal from ‘the body, as in the course of our ex- 
periments. 

- The results showed that the loss of glycogen was not nearly so rapid 
as we had feared (Fig. 1). | 

It will be seen that in 40 seconds there is a loss of only about 5 p.c. of initial liver 


glycogen. In most cases it appeared to be less than this, and we have not usually allowed 
for depreciation of glycogen during removal and weighing. 

There was the further question whether damage to the liver tissue in sampling might be 
expected greatly to accelerate the rate of glycogen breakdown. Fig. 2 shows the smoothed 
curves from an experiment in which samples from the same liver were either sliced (B), or 
pulped to a paste with a tissue mincer (C). It is seen that even when the liver is as ex- 
tensively damaged as it must be in pulping, the rate of glycogen loss was not large enough 
greatly to affect estimations made within half a minute of removal from the body. We have 
therefore not hesitated to slice up the samples of liver in order to ensure uniform and easy 
drainage of blood. Also, though cooling down to 0° C. after removal, (A) as we tried in our 
earlier estimations, certainly slows the process of glycogenolysis, the uselessness of this 
during such a short interval of time as 30 or 40 seconds is evident, and we later abandoned it. 
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Fig. 1. Smoothed curve from mean of five experiments on rate of loss of glycogen from 
liver, sliced and allowed to attain room temperature. The curve has been extrapolated 
back from the first sample, taken at about 40 seconds, so as to show 100 p.c. at the 
ee Time in seconds. Vertical strokes on curve = minute 


0 400 800 1200 1600 2000 (17 hours) 
Fig. 2. Rate of loss of glycogen in liver and muscle after removal from the body. Curves 


ing loss of liver gl extrapolated back to 100 p.c. at section, and showing 
rate of loss when cooled to 0° C. (A), when kept at room temperature (B), (both sliced), 
or when pulped to paste and ws at room temperature (C). The subsequent portions 
of the curves which are dotted show the effect of a further 16 and 17 hours respectively 


slightly (D) or severely 
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The rate of loss of glycogen was also estimated in muscle samples after their removal 
from the body, and with results which showed that, if extensive damage was avoided, the 
rate of loss of glycogen was less than in the liver, and not likely to affect the accuracy of the 
determinations (curves D and £, Fig. 2). We were so surprised at the slow loss of muscle 
glycogen that we repeated the experiment three times, twice on decapitated cats (to remove 
anssthetic) and once under ether, but in each case with similar results. The only criticism 
of them which occurs to us is that maximal change might have occurred during the interval 
of 30 seconds or so which preceded the taking of the first sample, but this does not seem 


Bi Distribution of glycogen in different lobes of the liver. 

Doubt has often been expressed as to whether the distribution of glycogen is uniform 
throughout the different lobes of the liver. Séregé [1905], and Mottram and Dowler 
[1918] found that in recently fed dogs there was an irregular distribution in different parts 
of the liver, and Bodo and Marks [1928] reported similarly regarding the glycogen distri- 
bution in morphinized etherized dogs. Similar claims have recently been made by Scheiff 
[1931], who also found that the margins of the lobes contained more glycogen than the 
deeper portions. Gru be[1905], Macleod and Pearce [1911], and Olmsted and Coult- 
hard [1928], however, found that the distribution was sufficiently uniform to allow of 
comparisons being made, and our own observations are in support of their opinion, so far 
as the liver of the fasting cat is concerned. 

If the explanation of the alleged unevenness in distribution is an anatomical one, viz. 
that there is an unequal dispersion through the liver of blood arriving from different 
sources, which are imperfectly mixed in the portal stream [Bartlett et al., 1914; Copher 
and Dick, 1928], as advanced by Scheiff and others, then an examination of a large 
number of samples should exhibit some systematic difference between the glycogen content 
of specific lobes, and this we find is not the fact. We chose the first fifty-five analyses (in 
duplicate) which we made from the left principal lobe of the cat’s liver under a variety of 
conditions, and fifty-five similar ones from the right principal lobe of the same cats, each 
pair being taken at the same time. The results showed for the left side an average of 
1-078 + 0-054 p.c. glycogen, and for the right lobe 1-054 + 0-061 p.c. The middle and other 
_ lobes were less regularly used, but when they were, gave results similar to those of the right 
and left lobes. 

Although we reject the suggestion of any systematic difference in glycogen content, : 
we do not wish to be understood thereby to claim that in any parti t samples 


from different lobes can necessarily be expected to give nearly identical results, for this is 
not the case, as the following results, chosen at random, will illustrate (duplicate analyses). 


Tas I. Glycogen content of different lobes of liver. 


Left Right 
principal principal Middle Greatest ; 

Treatment lobe lobe lobe difference 3 

of animal (p.c.) (p.c.) (p.c.) (p.c.) 7 

Decerebrate 1-60 —- 1-94 17 4 

1-00 1-22 18 

99 1-23 1-24 — 

Amytal. Adrenaline 0-32 0-28 0-31 13 9 

Decapitate O17 0-12 0-14 29 4 
3°57 4-00 3-40 15 

Decapitate. Glucose 2-02 2-04 2-29 12 3 

Adrenaline 2-65 2-43 8 

” 0-90 0-97 7 

0-90 1-02 12 : 

Ether 3-32 3-61 8 
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The irregularity is, moreover, still often present, though less conspicuous, even when | 
simultaneous samples are taken from adjacent parts of the same lobe. The following 
results, taken at random from the last few experiments we performed, illustrate this. 


TaBtz II. Glycogen content of duplicate samples of liver from same lobe, 


Difference 
Glycogen p.c. between 
A (1) and (2) 
Exp. Lobe (1) (2) Mean (p.c.) 

142 t principal lobe 4-45 4-63 4-54 4 
141 Lake pension lobe 1-42 1-68 1-55 16 
140 Righe principal lobe 3-69 3-50 3-60 5 
139 principal lobe 2-95 3-13 3-04 ee 
138 Right principal lobe 1-80 1-99 1-90 Ke 


Further, even supposing the glucose formed on hydrolysis to be estimated with the same 
accuracy as in pure solution, variations of the order of about 3 to 5 p.c. are inseparable from 
the method of analysis, since a small estimated reducing power is multiplied by a large 
factor. Because of these sources of variation we have always cut two samples from each 
portion of liver, and taken the mean. 

We lay no claim to have demonstrated a difference of glycogen between two mean re- 
- sults in an experiment mnless this is of the order of more than 10 p.c. When a number of 
experiments all show agreement, a smaller average difference may of course be regarded as 
significant, and for that reason we regard average figures as of more value than the results 
of individual experiments. 


Distribution and total content of glycogen in the muscles. 


In the fasting cat the glycogen content of the muscles of the hind limb which we have 
examined was of the order of 0-5 p.c.; the following table shows also that the differences 
between the two sides of the body may, as is generally accepted, be ignored. — 


Tasxe III. Average glycogen content of muscles of right and left 


sides in fasting cate. 
Average glycogen p.c. 
Muscle No. of samples Right Left 
Sartorius 6 0-51 0-55 
 Quadriceps 7 0-52 0-56 
Gracilis 6 0-50 0-62 
Tibialis 16 0-56 0-52 
Gastrocnemius 14 0-52 0-51 
Mean of all 0-523 0-527 


In the study of carbohydrate metabolism it is often desirable to know the total amount 
of glycogen present in the body, and the largest fraction of this is normally in the muscula- 
ture. The calculation of this involves two assumptions: first, that the relative mass of muscle 
is similar in different individuals of the same species, and second that the glycogen content 
of all the muscles is practically identical. | 
Regarding the first assumption, there are differences of opinion as to the proper figure. 
Ferguson, Irving and Plewes [1929] give 44 p.c. of the body weight for the cat: Best, 
Hoet and Marks [1926] give figures up to 54 p.c.—a difference amounting to nearly 
20 p.c. (or a gramme or two of glycogen) which, of course, is not surprising. 
Regarding the second assumption, we may examine the average figures for glycogen 
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content of the muscles we have regularly used, and these are set out in the following table: 
the figures read horizontally show the average results obtained when the muscles named at 
the heads of the columns were compared in the same animals, e.g. in fourteen cases the 
sartorius, quadriceps and gracilis were compared, etc, 


Tasiu IV. Average glycogen content in various muscles in fasting cats, 


Average glycogen content p.c. in 
_ Number of ey A 
observations Sartorius Quadriceps Gracilis Tibialis Gastrocnemius 
14 0-46 0-57 0-58 — —_ 
12 —_ 0-43 0-43 0-48 a 
1 0-30 — 0-37 0-36 ads 
2 0-38 0-53 0-57 
49 0-525 0-527 
Average of all... (17)0-44 (26) 0-505 (27) 0-505 (64)0-516 0-630 
0-77 0-97 1-10 1-03 0-97 
Range pa 0-26 0-20 0-20 0-21 0-16 


(The figures in parentheses give the total number of estimations.) - 


The results show that the average glycogen contents of these hind limb muscles are, in 
fact, not equal, but that the sartorius tends to give the lowest and the gastrocnemius the 
highest results; the highest and lowest figures obtained in all the experiments are shown in 
the lowest two lines of the table, and indicate the kind of range which was observed. 

When, instead of averages, the individual experiments are considered, it is admitted 
that there is a general tendency for the glycogen content of different muscles to be of the 
same order of magnitude, The following table illustrates this by showing the actual gly- 
cogen content of various muscles in those experiments in which each muscle named in the 
first columz had the highest or lowest value we ever found. 


TaBLE V, Glycogen content of muscles in individual experiments. — 


Glycogen p.c. 
Gastroo- 
Experiment in which torius Quadriceps Gracilis Tibialis nemius — 
Sartorius, and gracilis 0-77 0-97 
were highest | 
Sartorius was lowest 0-26 oa 
Quadri was lowest — os 
lowest 0:27 0-38 _ 
Tibialis was highest 1-03 
Tibialis was lowest 0-21 (R.) 0-51 
Gastrocnemius was highest 0-76 
Gastrocnemius was lowest 0-28 0-16 


It will be seen for instance that, out of fourteen experiments in which the sartorius, 
quadriceps, and gracilis were compared (Table IV), they all had a maximum value in the 
same experiment (Table V), and two of them a minimum also in the same cat (Table V). 
But there are very clear exceptions, ¢.g. when the tibialis was lowest, and the quadriceps 
also rather low, the gastrocnemius was at about its average glycogen content; such ex- 
ceptions were found to be by no means infrequent. 

We have usually taken as muscle samples, either the gracilis and quadriceps, or, more 
usually, the tibialis and gastrocnemius. But a simple calculation shows that, in the estima- 
tion of total muscular glycogen there would be a considerable difference between the results 
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obtained from these two pairs of muscles. A closer approximation would of course be ob- 
tained by taking more samples, and over a wider field, but in view of the fact that the 
glycogen content of the major part of the musculature is unknown, while the total mass of 
muscle is capable of only the roughest assessment, we should be surprised if any estimate 
of total muscle glycogen within 20 p.c. of the truth were not largely fortuitous. We have 
therefore little faith in such calculations, though occasionally we have had no alternative 
but to employ them, In those instances we have tried to calculate variations in the total 
muscular glycogen from ‘average figures obtained from several experiments, rather than 
from the results of individual experiments. 


Glycogen content of the fasting liver. 

We have usually etherized the animal, and then taken a liver cample 
as soon as possible (about 6 minutes) after the commencement of the in- 
duction. Experiments on the action of ether alone enabled us to estimate 
the rapidity of glycogenolysis during anesthetization, and so to calculate 
back from the taking of the first sample, and find approximately what 
was the glycogen content of the liver just prior to anesthesia. When ether 
was given therefore, whatever the subsequent procedure, times are cal- 
culated from the first administration of ether. 

With the belief that a more correct approximation to the true value 
might be obtained by estimations on the livers of cats despatched by de- 
capitation without anesthesia as was done by the Cori’s [1928] for rats, 
we made such determinations on seven cats fasted for 46 hours. The 
average glycogen content obtained was 1-28 p.c. (max. = 2:52: min. = 
0-39 p.c.).. This average is certainly a good deal too low, from which, as 
well as from the general irregularity of the results, we infer that there 
must be considerable liability to loss of liver glycogen during the killing 
and bleeding of the animal prior to sampling. 

The glycogen content of the liver in cats fasted for 16 to 48 hours 
varies from 0:1 to 5-0 p.c., according to the length of fast, the nature of 
previous diet, individual variations, and possibly according to season. In 
cats during winter months, fasted for 44 hours after being previously fed 
on a diet of meat and milk, our results obtained as above indicate that 
previous to anssthetization the glycogen content was about 2:2 p.c. 

The influence of the duration of the fast is shown by the following 
figures (Table VI). 

It is interesting to note that inactivation of the suprarenals has no 
definite effect on the glycogen content of the liver. 


The effect of amytal. 
Relying on the general belief that amytal has no disturbing ‘iilneaoe 
on carbohydrate metabolism, since it does not greatly alter the blood 
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VI. 
Probable liver 
Total Length Mean of liver — glycogen 
number of of fast Treatment before and at glycogen p.c. _p.c. prior to 
experiments (hours) time of experiment at experiment experiment 
4 18 Ether for 4 mins. 4-03 4-95 
8 18 *8.A. and 8.8. cats, 3-78 4-20 
ether for 6 mins. 
18 44 Ether for 6 mins. 1-66 2-26 
7 44t Ether for 6-5 Sage 1-64 2-20 
11 44 Amytal 2 hrs. previously 1-04 (?) 2-20 


* In S.A. cate the chnic was cut on one side, the adrenal removed on the other. 
In 8.8. cats the splanchnic was cut on both sides. 
+ Except for some milk 18 hrs. ago. 


sugar [Page, 1923; Mulinos, 1928; Edwards and Page, 1924; Deuel 
et al. 1926], and according to some [Hinsey and Davenport, 1929; 
Eggleton and Evans, 1930] does not cause great or rapid loss of muscle 
glycogen, we carried out some of our earlier experiments under this 
ansesthetic. We soon found, however, that amytal, however administered, 
_ caused considerable depletion of liver glycogen after a few hours; indeed, 
the average results given in Table VI suggest that even after 2 hours 
there has been a loss of about half the liver glycogen. 

Experiments carried out specifically to test this point all showed loss 
of liver glycogen under amytal after commencement of sampling, and 
apart from a probably considerable loss which occurred during and im- 
mediately after induction. The following are typical experiments: 

Exp. 81. Cat dg. 19kg. Fasted 24hrs. Amytal 0-08 g. per kg. intramuscularly at 
10.50 a.m. Anwsthesia satisfactory at 11.15 a.m. 

11.25.a.m. Liver (mean of two). Glycogen = 0-94 p.c. 
11.32 Muscle, mean of R. tibialis and gastroc. Glycogen = 0-43 p.c. 

1142 Blood glucose=0-105 p.c. Lactate=0-011 p.c. 
3.58 p.m. Blood glucose=0-158 p.c. Lactate=0-011 p.c. 
(5.05 Muscle, mean of L. Glycogen = 0-43 p.c. 
6.12 Liver (mean of two). Glycogen =0-12 p.c. 


Exp. 80. Cat 9. 2-45kg. Fasted 43 hrs. Amytal 0-09 g. per kg. at 10.10 a.m. More 
needed at 12 noon: total given =0-125 g. per kg. 


12.18 p.m. Muscle (mean of two). Glycogen =0-37 p.c. 
12.27 Liver (mean of two). Glycogen = 0-87 p.c. 
12.35 Blood glucose =0-142 p.c. 

4.59 Muscle (mean of two). Glycogen =0-23 p.c. 
5.03 Liver (mean of two). Glycogen = 0-22 p.c. 


Blood glucose =0-117 p.c. 


The following table gives a summary of our results with amytal. In 
some of these experiments the amytal was given subcutaneously, and in 
those cases, owing to slow absorption, from 0-15 to 0-16 g. per kg. was 
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found to be necessary. This amount is, however, in most cases, fatal after 

several hours. In the other instances intra-muscular injection was em- 

ployed, and smaller and safer doses (0-07-0-08 g. per kg.) could then be 
ven. 


Average time | 
after amytal Liver Muscle Blood - Blood 
No. of administration glycogen gl n lactate sugar 
cats (hrs.) p.c.) (p.c.) (p.c.) 
8 2 1-15 0-50 0-015 Oll . 
ee 0-64 0-41 0-019 0-13 
8.A. cats 
2 3 1-35 0-63 0-023 0-08 
6 0-43 0-79 0-017 0-12 
Glucose, 4g. in duodenum: 
1 2 0-91 0-49 0-016 0-10 
5 0-57. 0-20 0-020 0-16 
7 0-84 0-33 0-015 0-10 


It is seen that in all cases there is considerable loss of liver glycogen. 
Storage of glycogen from glucose was found by Hines, Leese and Barer 
[1928] to be inhibited by amytal, and some unpublished work from. this 
laboratory by Dr Isolde Zeckwer and Dr Esther Greisheimer in 
1927 gave similar results, The experiment shown above in which glucose 
was given suggests the possibility of delayed glycogen storage, but is 
equivocal. 


The average blood sugar in our amytal experiments showed a small 
but definite increase for the later hours, while lactates gave no definite 


indications, Muscle glycogen was usually pis but occasionally showed 
large reductions. 


amytal caused considerable loss, even of muscle glycogen [Long, 1928], this may have been 
due to some circumstance, e.g. cooling of the animal, which led to a discharge of adrenaline. 
We accordingly carried out two experiments in which cats, under amytal, were allowed to 
cool down, and were compared with control cats kept warm; in one of these experiments 
the R.S.A. operation was performed on both the cats some days previously, in order to 
inactivate the suprarenals. The results did not bear out our original suggestion as regards 
the influence of cooling, and the experiments were not followed up any further. But an 
interesting point was that in cats under amytal with adrenals inactivated, the glycogen 
content of the muscles, both of the warmed and cooled cats, showed a pronounced increase, 
such as was never observed in any other experiment. This lent some colour to the view that 
the suprarenals may become active in certain conditions under the action of amytal, and 
though we never obtained very high blood sugars, some such occurrence might also explain 
the results of those who have found that the blood sugar is raised by amytal. [Weiss, 
1925; Underhill and Sprunt, 1927.} 


Our experiments at all events show that, whatever the cause may be, 
there is under amytal a considerable loss of liver glycogen. As regards 
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muscle glycogen it would appear that amytal may be used, though with 
some reserve, and over short periods only. We have no evidence to offer 
with regard to the fate of the lost liver glycogen, but would recall that 
although Deuel e¢ al. [1926] found a fall of temperature and of meta- 
bolism in the dog unless shivering occurred, Hunt and Bright [1926] 
showed that amytal caused a 10 p.c. increase in basal metabolic rate in — 
cats. 


The action of ether. 


In order to obtain information for use in subsequent experiments we 
_ studied the: action, during a few hours, of ether on the liver glycogen. 
- The following is abstracted from a typical experiment: 


Exp. 96. Cat. 2-1kg. Fasted 19 hours. 


9.58} a.m. Ether. 
10.01% Liver samples, R. pr. lobe. Mean glycogen =5-87 p.c. 
10.09 Blood glucose, 0-224 p.c. Lactic acid 0-055 p.c. 
10.10 Samples, R. pr. lobe, Mean glycogen =4-68 p.c. 
10.25 Blood sugar 0-205 p.c. 
10.31 Samples, L. pr. lobe. : Mean glycogen = 3-84 p.c. 
11.02 Liver samples, R. pr. lobe. Mean glycogen = 3-29 p.c. 
11.08 Blood sugar =0-213 p.c. Lactate =0-042 
12.08 p.m. Blood sugar=0-198 p.c. Lactate=0-025.p.6. . 
12.09 Two liver samples, R. pr. lobe. Mean 
12.12 Two liver samples, Mid. lobe. — Mean glycogen=3°46p.c. 


_ Fig. 3 gives a smoothed curve showing the mean of four such experi- 
' ments and also (upper curve) the mean of four experiments, in two of 
which the §.A. operation and in the other two the 8.8. operation had been 
aseptically carried out several days previously. Blood sugar and lactate 
curves are also shown. 

In this figure the results have all been referred by extrapolation to an 
initial value of 100 p.c. glycogen before etherization. The first sample was 
taken on an average from 4 to 6 minutes after the commencement of 
etherization, and the extrapolation shows that, on the averages of these 
experiments the glycogen in the intact cats had in 6 minutes been re- 
duced to 74 p.c., while in the 8.8. and S.A. cats it had only been reduced 
to about 90 p.c. of its initial value. We have not noticed in either the 
normal or 8.8. and 8.A. cats that the rate of glycogen removal was greatly 
affected by differences in its initial amount. 

The glycogen content of the liver in the intact cats reached its 
minimum, at about 40 p.c. of the initial content, after about 1 hour of 
etherization; after this the fall was checked or, in some experiments, 
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replaced by a doubtful rise, to about 50 p.c. of the initial value, in the 
course of the next 2 hours. 

The action of ether in producing a loss of liver glycogen has been 
attributed in part to asphyxia, to a direct action of the anesthetic on the 
liver, and to a liberation of adrenaline from the suprarenals [Macleod, 
1926]. That a good deal, though not the whole, of the glycogenolysis is 
due to the last-named cause, is shown by the much slower loss in animals 
in which the suprarenals have been inactivated by the 8.8. or 8.A. opera- 
tion, in which case, as has been abundantly demonstrated by the work of 
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etherization. Ether curve, mean of four experiments; S.A. and 8.8. curve mean of 
four experiments (two of each). Blood lactate curve is the mean for the experiments 
on intact cats; mean blood sugar curves are shown for both types of experiment. 


others, and as our own results confirm (see Fig. 3), there is a much smaller 
rise of blood sugar than occurs in intact cats during etherization. We 
found the blood sugar in thirteen normal fasting unanesthetized cats to 
vary from 0-085 to 0-155 p.c. (mean 0-115 p.c.). After ether the average 
level remained at about 0-2 p.c. for from 10 minutes to at least an hour, 
generally falling slightly after 2 hours, e.g. to 0-17 p.c., whereas in the 
8.8. and 8.A. cats the first level, about 0-12 p.c., was reached in a few 
minutes, and without any further rise sank slightly after about an hour. 
Blood lactate was raised in intact eats in the first half-hour of anesthesia, 
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as shown in Exp. 96 (and Fig. 3), from an initial value of not more than 
about 0-025 p.c. to about 0-055 p.c.; during the subsequent hours the 
amount slowly fell again to about 0-025 p.c. or less. In the one experi- 
ment on an 8.A. cat in which lactate was estimated, the blood lactate at 
53 minutes was only 0-02 p.c. In view of the action of adrenaline in con- 
verting muscle glycogen into lactic acid, and liver glycogen into glucose 
. [Cori and Cori, 1928} these results are readily comprehensible, and pro- 
vide further evidence, if any be needed, in support of the opinion that 
there is a considerably accelerated discharge of adrenaline during an- 
sesthetization. We have not attempted to ascertain to what extent these 

results may. be due to the factor of general or local asphyxia, which, 
according to some, is responsible for much of the siieitidaias during 
etherization. 

Summary. 

1, The methods used, including that for the estimation of glycogen, 
are described. 

2. The rate of loss of glycogen by liver and musele after the removal 
of samples from the body is not great enough to vitiate the results. 

3. The distribution of glycogen in the different lobes of the liver of the 
fasting cat is sufficiently uniform to enable comparisons between different 
lobes to be made. | 

4. The distribution of glycogen over the musculature tends to he 
uniform, but the variations are great enough to make calculations of total 
muscular glycogen unreliable. 

5. The liver of the cat after fasting for 44 hours contains at least 
2-2 p.c. glycogen. 

6. Amytal steadily reduces the liver 

7. Ether lowers the liver glyeogen by about 15 to 20 p.c. in 5 to 6 
minutes. If samples are taken then, the initial content can be approxi- 
mately calculated. On continued etherization, the glycogen continues to 
fall until, after an hour, somewhat less than half remains; the fall is 
then checked. After splanchnectomy, or division of one splanchnic and 
removal of the opposite suprarenal, the glycogen is much less rapidly lost 
on etherization, only about 10 p.c. being removed in 6 minutes. 


The expenses of the investigation were borne in part out of Rockefeller Foundation 


Funds, and in part out of grants from the Government Grants Committee of the Royal 
We here express our thanks for this aid. 
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THE BEHAVIOUR OF LIVER GLYCOGEN IN 
EXPERIMENTAL ANIMALS. 


II. Glycogen recovery after decapitation and decerebration. 
By C. LOVATT EVANS, CHIAO TSAF ann F. G. YOUNG?, 


(From the Department of Physiology and Biochemistry, 
University College, London.) 


In the course of some experiments on which we were engaged we sought 
a preparation i in which a storage of glycogen could be regularly demon- 
strated in the liver in the course of a few hours. In the perfused liver 
there is usually a steady loss of glycogen, and it would be of interest to 
know what are the principal conditions involved in this loss, as contrasted 
with the maintenance of a significant glycogen level in the normal animal, 
even after prolonged fasting. : 
We found, in accordance with Olmsted and Coulthard [1928], that 
the decapitate cat was very suitable for our purpose, and the experiments 
here described are largely concerned with the ees of that preparation, 
and with investigations. 


METHODS. 


preceding paper, in which we described the effect of ether and of amytal, and gave reasons 
for rejecting the latter as an anesthetic for our experiments. Glycogen content is given in 
the curves in percentage of the initial amount: in individual experiments in grams p.c. 

Decerebration was carried out either by Schmidt's method [1923] or bySherrington’s 
method [1915], the decerebrate animal being allowed to breathe naturally. Decapitations 
were carried out by Sherrington’s method [1909] and artificial respiration was given with 
air by a Starling Ideal pump [1926] at 17-20 strokes per minute and 40-60 c.c. per stroke 
(680-1200 c.c. per minute—more usually the lower range) according to the size of the 
per minute.) Avoidance of over-ventilation is important. 

All the experiments, unless otherwise stated, pice dheitad cut on Cote which had bom 
fasted for at least for or given the commence- 
ment of etherization. 


1 Shanghai; Fellow of the Rockefeller Foundation. 
* Sharpey Scholar. 
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DECAPITATION, 

It has been our practice, in carrying out experiments involving de- 
capitation, etc., to give ether and then to take samples of liver for gly- 
cogen determinations as soon as the animal was anesthetized; this, in 
view of the information discussed in the preceding paper, gave us some 
idea of the glycogen content before the experiment was begun. The 
average time from commencement of ether to the first liver sample was 


6 minutes and that to the completion of decapitation 18 to 19 minutes. . 


According to our experiments, ether alone would in 19 minutes have 
lowered the liver glycogen to about 55 p.c. of its pre-anesthetic fasting 


evel, and in a further 15 minutes of ether it should have fallen to about 


45 p.c. Samples taken about 15 minutes after decapitation, however, 
showed an average glycogen content of only about 25 p.c., so that a 
further considerable loss of glycogen has attended the operation. Subse- 
- quently, as was first found by Olmsted and Coulthard [1928], there is 
a recovery of liver glycogen, at first rapid, then slower, so that in 7 hours 
from the commencement of the experiment there is about 80 p.c. of the 
pre-anesthetic amount. The following figures give some average results: 


I. 
Total A A A A 
of ex glycogen lactate 
periments Treatment p.c.) (p.c.) _ (p.c.) (p.c.) 
Before ether 2-2 0-5 (7) 0-115 0-02(?) 
(Estimated 
10 Under ether 5 mins. 1-25 
Decapitated 15-30 mins. 0-50 
13 Decapitated ong 0-79 0-46 0-197 0-029 
13 Decapitated 3-5 1-20 0-44 0-107 0-020 


Fig. 1 shows the smoothed curve, the actual points, and parts of the 
actual curves obtained from twenty-nine decapitation experiments. 
According to Olmsted and Coulthard [1928] the liver glycogen 
teaches its maximum at about the fifth hour, and then declines; we can 
confirm the increase with no exception up to the fifth hour, and have also 
seen it to continue during further periods. We have also seen the decline 
take place, sometimes very suddenly, and were then inclined not to 
attach much significance to it, but to regard the suddenness of its occur- 
rence as a measure of the deterioration in the circulatory conditions in 
the preparation. 
When muscle glycogen was to be determined, the muscles of the hind 
limbs were denervated immediately after decapitation by section of the 
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sciatic and anterior crural nerves. The glycogen of the muscles showed 
| but little alteration during the hours following decapitation, and the 


0 100 200 
Fig. 1. Experimental points and parts of curves (broken lines), and mean curve (thick 
line), showing the behaviour of liver glycogen after decapitation (at arrow): data from 
twenty-nine experiments, extrapolated back to 100 p.c. glycogen at commencement 


of ether, 


0-1 | 
Minutes 
Fig. 2. Muscle glycogens of denervated limbs, following decapitation in seven experiments 
(broken lines) with mean curve (thick line). Each point represents the mean of at 


least two muscles, Time=minutes after commencement of ether. Decapitation at 
arrow. Ordinates give actual p.c. glycogen. 


mean curve, as shown in Fig. 2, shows a loss of only about 0-02 p.c. 
glycogen during 4 hours. 
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From the average figures given in Table I, and from Figs. 3 and 5, it 
will be seen that the blood sugar rises during decapitation from about 
0-115 p.c. to about 0-2 p.c., and then falls down to or below the original 
level in the subsequent 4 hours. | 

Blood lactates have been determined much less often, owing to the 
large amount of blood needed, but such average results as we have 
obtained in all our experiments are shown in the following table, and 


indicate only slight changes. 


Blood sugar pc. 
Muscle glyoogen p.c. 


015-408- 
010 


Fig. 3. 
in decapitate cat. 


Taste IT. Mean values for blood lactate. | 
Lactic acid, mg./100 c.c. at times after ether shown 


Operation 100 mins. 125 mins. 275 mins. 
Decapitate 33 (7) 24 (7 20 (3 
Decapitate, S.A. — 25 {3} 24 (3) 
Decerebrate 21 (3) 
Decerebrate, S.A. 25 (6) 


(The figures in parentheses show the number of observations.) 


It appeared probable that the great fall in liver glycogen on de- 
capitation was due to general spinal stimulation, with perhaps a direct 
action on the liver through the splanchnic nerves, and also to an associ- 
ated discharge of adrenaline into the blood. The experiment was there- 
fore repeated on four cats aseptically splanchnectomized a week or two 
beforehand (and, with similar results, on one with left splanchnic cut 
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and right adrenal removed), and a smoothed curve for the average results 
of the experiments is given in Fig. 4. : 
It suggests that there might be, as in the decapitation of the intact 
cat, a further fall in glycogen than could be accounted for by the action 
of ether alone, viz. to about 70 p.c. of the pre-anesthetic level at 35 
minutes after commencement with ether, instead of to about 80 p.c. as 
might be anticipated from the action of ether alone for 35 minutes, But 
the difference from the action of ether alone is not great enough to be 
stressed, and in any case the fall is very much less than when the splanch- 
nics were intact; we conclude, therefore, that ordinarily nearly all of the 
greater reduction of liver glycogen on decapitation as compared with 
ether alone is to be attributed either to a direct nervous action on the 


100 200 
Fig. 4. Mean curves for liver glycogen, muscle glycogen and blood sugar 
following decapitation in four splanchnectomized cats. 

liver, or to flooding of the circulation with adrenaline. The recovery of 
glycogen in the decapitated 8.8. and S.A. cats is also at first definitely 
more prompt than in cats not so treated, as the glycogen reaches its 
- maximum (average 96 p.c.) in about 2 hours after decapitation and then 
declines again, the average showing that by about the sixth hour the 
glycogen has reached about the same level as in the ordinary decapitate 
cat. The experiment below is typical. 
The source from which the liver glycogen is remade will be discussed 
later—for the present we will continue with the consideration of the con- 
ditions under which it occurs. 7 | 7 


PossIBLE INFLUENCE OF NERVE SUPPLY TO THE LIVER. 

Most investigators are agreed that, unless very large amounts of 
glucose are added, an increase of liver glycogen cannot be demonstrated 
easily, if at all, with the excised liver [Grube, 1903; Bodo and Marks, 
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Exp. 128. Cat 3. Both splanchnics divided on 6. iii.31. Weight then=3-0 kg. 


Experiment on 9. iii. 31. Weight=2-7 kg. Fasted 18 hours. 
9.58 a.m. Ether. 


10.05 Liver, L. pr. lobe Glycogen =4'50 p.c. Mean =4-56 p.c, (=89 p.c. initial) 


Glycogen = 4-62 p.c. 


10.16 Decapitation com aca 

10.28 Liver, R. pr. lobe Glycogen =4-08 p.c. Mean =4-16 p.c. (=81 p.c. initial). 
(2) Glycogen = 4-23 p.c. 

10.32 =0-156 Se 

12.09 p.m. Liver, R. pr. lobe (1) et p.c. Mean=5-57p.c.(=109p.c. initial). 


Gl 
12.14 Blood p.c. 
333 Laver, =3-93 p.c, (=77 p.c. initial), 
ver, 0 (= ini 
3.25 


Both splanchnics completely cut and ccliac ganglia 


removed, 


1928]; the effect of these large additions of glucose might be attributed 
to dehydration of the tissue, and the suggestion may arise that nervous 
influences are normally involved in the process of glycogen deposition, 
and that a fully denervated liver, for some reason unknown, is not able 
to add to its glycogen. We have therefore tried the effect upon recovery 
of denervation of the liver, as well as of complete destruction of the 


central nervous system. 


The following experiments show the effect of jection of the liver. 
Denervation was performed by stripping off, just after decapitation, all 
nerves and as much connective tissue as possible from round the hepatic 
artery, portal vein and bile duct, and then painting these structures with 


10 p.c. 
III. Denervated liver. 

after deca 0-33 1-29 1-24 

_ Liver glycogen about 3-5 hrs. after aeechalion 1-10 1-65 1-56 

Muscle glycogen, 1 hr. after decapitation 0-37 0-55 0-62 

Muscle glycogen, 3-5 hrs. after decapitation _ 0-43 0-49 0-54 

Blood glucose, 1 hr. after decapitation 0-19 0-32 0-28 

Blood glucose, 3-5 hrs. after decapitation 0-08 0-17 0-15 
ee lactate, 1 hr. after decapitation - 0-065 _ 0-017 
Blood lactate, 3-5 hrs. after decapitation 0-029 _ 0-016 


nervation of the liver. 


Mean 
0-05 
1-44 
0-51 
0-49 
0-26 
0-13 


0-04 
0-02 


The results show that the restitution is not sensibly altered by de- 


In the experiments in which the central nervous system was entirely 
destroyed, samples were taken before decapitation and again between de- 
capitation and destruction of the spinal cord, which was effected by pass- 
ing @ stiff wire down the spinal canal. Shortly after this, a third sample 
.was again taken, and other samples at suitable intervals. The results 
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showed that there was a further fall of glycogen in the liver after destruc- 
; tion of the spinal cord, the average obtained from three experiments 
showing only about 17 p.c. of glycogen remaining after pithing of the 
cord. Recovery, however, took place, and at about the same speed as in 
the decapitated cat, during the first 1} or 2 hours after pithing, but sub- 
sequently tended to fall off somewhat. It seemed likely that the result 
| was probably influenced to some extent by the low blood-pressure and 
generally depressed circulation of the pithed animals, and that recovery 
| might be more rapid and complete if the arterial blood-pressure could be 
maintained. Accordingly, in one such experiment, we gave an infusion of 
40 ¢.c. of defibrinated blood soon after pithing. The protocol of this ex- 
periment is given below—the blood was obtained from a cat immediately 
after etherization, the time between commencement of etherization and 
¢ommencement of bleeding being about 3 minutes. 


Exp. 126, Cat. 2:8kg. Fasted 43 hours except for some milk th scans eeebenty. 


9. Liver, R. pr. lobe. Mean =0-97 p.c. 
1008 tation lobe. M 0-18 
US - ver, L.. pr. ean = C. 
10.22 hi Mid. lobe. Mean glycogen =0-18 p.c, 


10.33 =0-247 p.c. 
11.00 . Sloe into external jugular vein 40 c.c. defibrinated blood. 
11.10 B sugar =0-198 p.c. 


11.23 Liver, L. pr. lobe. Hg: 
11.40 Hg: 12° 57’, 70 mm. Hg: Hg: 4° 
12.52 p.m. =0-176 p.c. 
12 gar= p. 


Liver, R. pr. lobe. Mons glycogen =0-95 p.c. 
2.31 R. lobe. Mean glycogen = 1-19 p.c. 
4.20 =0-08 p.c. 
4.24 Live, Mean glycogen =0-73 p.c. 


4.25 ood condition. Killed. 


This result shows a very rapid recovery to somewhat over 90 p.c. of 
| the initial glycogen by about the fifth hour, but with afterwards some 
: falling off, which may be disregarded. In this experiment we had quite 
| probably introduced with the infused blood some substances from which 
glycogen could be manufactured; with this possibility we need not here 
be concerned, but only with the demonstration that the liver, deprived 
of its nerve supply, is able under proper conditions to regenerate gly- 
cogen at a reasonably rapid rate, and this the experiment unmistakably 
proves. We cannot at present suggest any reason for the difference be- 
tween this preparation, in which glycogen synthesis occurs in such a 
striking manner, and the excised perfused organ in which it has usually 
been found difficult or impossible to demonstrate such synthesis. 
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The of ef the’ 
tion, or else in an aseptic operation 1 or 2 days previously. The results of one of the acute 
removal experiments is given as an example: 


113, Cat 9. 1-6kg. Fasted 43 hours, 
Blood Mean glycogen p.c. 


mg, /100 0.0. inliver muscle 


10.43a.m. Ether — 
10,50 Liver, R. pr. lobe 1-82 
1, Pancreatectomy completed 
11,15 Decapitation completed — 
11.26 Liver, L. pr. lobe —_— 0-61 -_ 
11.48 254 

12.43 p.m. Muscle (mean of two) _ —_ 0-42 
12.48 Liver, R. pr. lobe — 0-48 
2.50 Liver, L. pr. lobe 0-61 
5.27 Liver, lobe 0-95 

5.34 Muscle 0-44 
ver, one sam 

- 6.50 Animal killed 


The only difference between this experiment and decapitation without pancreatectomy 
appears to be that there was a more prolonged fall in the liver glycogen, which lasted for 
14 hours, This was followed by a rise in the usual way, which, however, was not long 
maintained. The prolonged depression of liver glycogen and the poor maintenance might 
perhaps be due to reduced circulation through the liver owing to the occlusion of the 
pancreatic, and perhaps other, branches of the portal vein. The high blood sugar, 64 hours 
after depancreatization, is interesting in view of the fact that there has nevertheless been 
some restoration of liver glycogen. Although in consequence of depancreatization the animal 
was unquestionably diabetic, the rise of glycogen indicates that contemporary or recent — 
secretion of insulin is apparently not a necessary factor for deposition of glycogen. 

In the chronic aseptic depancreatizations the liver glycogens were naturally very low, 
and in these cases, in spite of high blood sugar, a 
recover after decapitation. The following experiment illustrates this: 


Exp. 117. Cat 9. Weight=2-25 kg. Depancreatized 23 hrs. previously. 
Blood Glycogen p.c. 


mg /100 00 in liver in muscle 


10.26a.m. Bloodsamplefromear 
10.39 Ether given; 30 o.c. urine from 


bladder contains 9 p.c. glucose — — ‘ins 
10.46 Liver (mean of 0-19 
10.58 Decapitation com ne 
11,04 Liver (mean of two) a 0-09 _ 
11.21 Muscle (mean of two) —_ — 0-19 
1.60 p.m, Liver (mean of two) 0-15 
1.55 350 
4.16 Muscle (mean of two) — 0-27 
4,27 Liver (mean of two) oat oe 


Animal killed in good condition 
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DECEREBRATION. 


After decerebration by section through the midbrain, it is well estab- 
lished [Mellanby, 1919] that tk’ blood sugar rises to a high level, at 
2 which it is maintained for long periods. When the splanchnics are divided 
previously, or the S.A. operation carried out (splanchnic cut on one side, 
| adrenal removed on the other), decerebration results in a much smaller 
' rise in the blood sugar, which, as in the spinal cat, slowly subsides again 
(Fig. 5). 
Keeping these facts in mind, and on the assumption that the high — 


/ 


100 200 300 
_ Fig. 5. Mean blood sugar curves in the four chief types of experiment. 


blood sugar when the splanchnics were intact connotes a persistent sym- 

| pathetic outflow affecting the suprarenals, etc., in order to avoid this we 
at first carried out the decerebrations on 8.8. or S.A. animals, and, as before, 

denervated the muscles which were to be examined for glycogen. 

Our results showed that the liver glycogen (see curves, Figs. 6 and 8) 
is lowered in these 8.8. and 8.A. cats by decerebration more than by de- 
capitation, ‘but that it subsequently recovers, though more slowly, for 
about 4 hours, after which there is often a steep decline, the cause of 
which we have not investigated. 

In these experiments the vagi were intact. We have carried out one 
experiment in which the vagi were cut, and both adrenals removed (top 
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curve, Fig. 8). In that instance the fall was less and recovery more rapid 
than in any other decerebration experiment we have carried out, and re- 
sembled the result in the rather similar experiment of decapitation of the 
8.8. cats. In view of the fact that the average blood sugars of the 8.8. 
and §.A. cats were higher after decerebration (with intact vagi) than after 
decapitation (Fig. 5), this experiment suggests the possibility, which up 


to the present we have not explored further, that the vagus may also be — 


instrumental in effecting a conversion of liver glycogen into blood sugar. 
In some further experiments with decerebrate animals, which were 
made as controls, decerebration was carried out without section of the 


100 
"tb 
= 


60 


after decerebration (at arrow). (8.S. 
nic cut on one side, adrenal remnoved on other.) = 


splanchnics or removal of the suprarenals; it was expected that in these 
animals there would be a continuous fall in both muscle and liver glycogen 
throughout the experiment. This proved not to be the case, for the liver 
glycogen rose again, though after a longer delay than in the other series 
of experiments, and ultimately reached 56 p.c. from a minimum of 36 p.c. 
of the initial level (Fig. 7). 

Since the blood sugar was maintained at an almost constant high level 
throughout the experiments, while lactate is sometimes high soon after 
decerebration [Eggleton and Evans, 1930], and the muscles did show 
a definite fall in glycogen content (vide Fig. 7), the increase in liver gly- 
cogen may be explained in one of two ways: first, muscle glycogen may be 
converted into lactic acid under the influence of adrenaline, and the lactic 
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acid converted into glycogen in the liver, as suggested by the Coris[1928], 
} and then part of it converted into glucose to maintain the blood sugar 


Fig. 7. Liver and muscle glycogen and blood sugar in decerebrate cats. 
Mean of five experiments. 


Fig. 8. Curves for liver glycogen in the various types of experiment. Decerebrate A.A. 

and V.=decerebrate animal with both suprarenals removed and vagi divided. The 
continuous curves are means for the types indicated. 


- level; or secondly, there may be some factors at work which result in in- 
creased glyconeogenesis, so that glycogen is being formed more rapidly 
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than it is being converted into glucose. The presence of adrenaline again — 
suggests itself, In some experiments on the action of adrenaline, to be 
described in a subsequent paper, however, we have not been able to find 
definite evidence that adrenaline directly and primarily stimulates gly- 
coneogenesis, or that it does so to such an extent as to overshadow its 
principal action of producing glycogen loss. | 


100 


= 


0 

Fig. 9. Mean curves for liver glycogen in cats ventilated with oxygen containing 5 p.c. 
CO, (two experiments), and in cate over-ventilated with air (three experiments). 
Broken lines = blood sugar curves, mean of three experiments in each case. 


Influence of acapnia, etc. 
It is known that under some conditions, glycogenolysis in the liver is accelerated by 
increase and retarded by decrease of H-ion concentration [Macleod, 1926], It was there- 
fore worth while trying whether, in spite of the fact that the liver is normally largely sup- 
plied with venous blood, the glycogen deposition in the decapitated cat might not have 
been favoured by the occurrence of acapnic conditions. We have accordingly made a com- 
parison between the rates of glycogen recovery after decapitation in animals which have 
been ventilated at the usual rate with oxygen containing 5 p.c. of CO,, and in similar 
animals over-ventilated with about three times the usual amount of air (19 x 120 c.c. per 
minute). If the glycogen recovery was favoured by acapnia we should expect it to happen 
leas readily in the former case but more speedily than usual in the latter. ee 
the reverse to be the case, as the curves of Fig. 9 show. 
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It will be seen that the animals ventilated with oxygen containing 5 p.c. CO, showed 
rather better recovery of glycogen than was obtained for the average of decapitate cats, 
while all the over-ventilated ones showed a fall of liver glycogen, which was never otherwise 
obtained with decapitate cats. The blood sugar curves are also interesting; the one from the 
cate with carbon dioxide was similar to that for most of the decapitate experiments, whereas 
the over-ventilated animals showed a higher level than normal, with little tendency to fall. 
The relation between acapnia and glycosuria was pointed out by Henderson and 
Underhill (1911); no doubt the loss of liver glycogen, as well as the high blood sugar, are 
in part due to deficient circulation, and low arterial pressure. Probably under these con- 
ditions lactic acid is also being formed [Dale and Evans, 1922]. We have not attempted 
to analyse the phenomena further, but one factor, in addition to the improved circulation 
and raised carbon dioxide, might well be a higher oxygen pressure in the cats treated with 


oxygen and CQ,. 
Administration of glucose. 

In some experiments the attempt was made to illustrate formation of glycogen from 
glucose. It was hoped in this way to obtain striking increases of liver glycogen in a short 
time, but actually this hope was not realized. The following experiments are illustrative of 
the kind of result we obtained, and show that even when the blood sugar was considerably 
raised by the administration of glucose, deposition of liver glycogen in the decapitate 


Tata IV. Glucose infusions. | 
Samples: Average Average Arterial 


Experi- | minutes of muscle of liver blood blood 
ment Procedure after after com- glycogen sugar lactate 
No. decapitation (p.¢.) (p.c.) (p.c.) 
76 Nephrectomized: 2 cose in- 1-88 0-199 . 
jected into atld44th 400 0-49 2-12 0-24 bard 
to 175th minute 
78 Nephrecto cose infusion 110 0-61 
320th minute, total 2:5 g. | | 
79 6N mized: slow infusion of 150 0-99 1-96 0-201 sti 
2 g.8 glucose from 174th to 295th 435 0-78 2-40 0-278 ioe 
g2 slowinfusion of 110 056 050 
into portal vein 390 049 142 0-258 0-058 
rie, I to 240th minute 
84 Infusion of 12 g. glucoseinto portal 95 0-72 0-84 0-196 ens 
vein from 115th to 395th minute 400 0-81 1-54 0-464 ies 
(1-05 g. excreted by kidneys) : 


421 0-65 2-20 


It 


fact rather less than in most experiments without glucose; in the last two, however, in 
which the glucose was given in large amount, and by slow infusion into the portal vein, the 
increases in glycogen contents were decidedly higher than was usual in decapitate cats 
without such treatment. But in view of the considerable dehydration which was evident 
in all the tissues after large intravenous doses of glucose, these results must also be regarded 
with caution. 
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SouRCE OF THE REGENERATED GLYCOGEN. 


A reference to the average figures of Table I and the curves of Fig. 3 
shows that after decapitation there is on the average so little change in 
the muscle glycogen that this may be eliminated from the discussion. The 
lactate also only falls about 0-013 p.c. from the 100th to 275th minute— 
the blood sugar, however, falls, say, 0-1 p.c. in about 34 hours (from 
100th to 300th minute). During that time the liver glycogen has increased 
by 22 p.c. of the initial value, or say, on the average, by 0-48 p.c. glycogen. 

As was pointed out by Olmsted and Coulthard, if we consider the 
blood only, and take this as one-thirteenth of the body weight, then it is 
impossible to account for the glycogen formation by loss of blood sugar, 
since in a cat 3 kg, and with a liver weighing 70 g., a fall of blood sugar 
of 0-1 p.c., even if all of it were converted into glycogen, would only yield 
0-23 g.: actually if the glycogen content rises by 0-48 g. p.c., we have the 
formation of at least 0-34 g- of glycogen in the 70 g. liver. According to 
our experiments, the fall in blood lactate would form no more than 
0-03 g. of glycogen. 

Recent work has shown, however, that the diffusible blood consti- 
 tuents such as glucose may be in equilibrium with amounts of fluid much 
greater than the blood volume. Thus it was suggested by Burn and Dale 
[1924] that the blood sugar is in equilibrium with blood plus tissue fluids, 
etc., which, in the eviscerated cat might be regarded as amounting to 
about one-sixth of the body weight. Folin, Trimble and Newman 
[1927], investigating the fate of injected glucose, found that much re- 
ducing substance is temporarily stored in various tissues of the body, 
especially in the skin and subcutaneous tissues, in which the concentra- 
tion was much the same as in the blood; their results were confirmed as 
regards true sugar by Trimble and Carey [1931]. We calculate from 
their results that the available bulk of tissue into which injected glucose 
may diffuse, and hence over which endogenously liberated glucose may 
be distributed, may, in intact dogs, often amount to as much as half the 
body weight. Calculations from experiments (6 to 11) on rabbits by 

Palmer [1917] give a mean figure of 37 p.c. of the body weight. The 
Coris, for rats, take 50 p.c. of the body weight. 

Two of our own experiments gave the following results in nephrectom- 
ized decapitated cats: 

Calculated 


ke Initial Resultant total 
No, of blood Glucose blood —_ Diffusion volume 


1% 32 0199 20 0389 1100 34} Mean =28 


> ‘ 4 
é 
| 
i 
+ 
ds 
3 
ig 
Bt 
if 
* 
an 
> 


GLYCOGEN AFTER DECAPITATION, -ETC. 95 


. This suggests that in our cats from one-fourth to one-third of the body 
- weight. may be regarded as available for diffusion. 
| The actual available reservoir would no doubt depend on the water 
content of the body at the time, but it would seem that about one-third 
| of the body weight would be a fair estimate. Whether the glucose dis- 
persed into this reservoir is all available for ultimate return into the blood 
| we do not know, but assuming that it is, it would then be possible, with 
certain assumptions, to explain the observed increase of liver glycogen. 
For instance, during the 3} hours, the fall of blood and tissue sugar of 
0-1 p.c. ina 3k. cat, with 900¢c.c. of diffusion volume after decapita- 
| tion, would yield 0-9g. of glycogen, which, in a liver weighing 70 g., 
i | would not only be able to deposit 0-34 g. of glycogen (0-48 p.c.), but 
: would leave over 0:56 g. of glucose for other purposes, such as com- 
bustion. 

An examination of evidence from various sources leads, erueiins, to 
the conclusion that the animal would during 34 hours require much more 
3 than that amount of glucose for combustion. Even in the eviscerated 
2 : preparation, Burn and Dale found the glucose requirement to be such 

that the blood sugar fell unless about 0-36 g. of glucose was given per 
hour, so that in our cats during 3} hours, the whole of both the blood 
sugar and lactate which have disappeared would not suffice to supply the 
glucose requirements of the muscles, etc., which the eviscerated remainder 
of the cat would represent, to make no allowance at all for glucose con- 
: sumption by the remaining viscera, which represent about 10 p.c. of the 

body weight. 
ae It will be useful here to refer to some respiratory exchange experi- 
4 ments made on cats, intact or eviscerated, under urethane, and on de- 
| capitate cats, in order to obtain other evidence as to the extent of carbo- 
hydrate combustion. These experiments were made for another purpose, 
: and the cats had only fasted for about 12 hours, but, as will appear, this 
| only makes our argument the stronger. The experiments were made, some 


Taste V. Respiratory exchanges of intact and eviscerated 
cate under urethane and of decapitate cats. 


A Average 

No. of perkg. Average 
animals Treatment kg.* per hr. net weight per hr. B.Q. 
Urethane 3-06 1258 411 

q Decapitate 2-86 1044 305} | 

4 Urethane, 2-06 498 242 

eviscerated 


* I.e. weight as used at determination, without removed, 
Only one determination of 2.9. 
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by an open method, with valves, bag, and air analysis, and some by a 
closed circuit method with a Schuster pump’, and gave the results 
given in Table V. 

In the only case in which the k.Q. of the eviscerated preparation was 
determined, the value was 0-9, and as the determination of COQ, is open 
to many sources of error, this cannot be depended upon. As the respiratory 
quotient of the eviscerated animal is still a matter for controversy, let us 
provisionally adopt the conclusion of Burn and Dale [1924], and 
Corkill, Dale and Marks [1930], that, when errors attendant upon the © 
determination of CO, are eliminated, the R.Q. of the eviscerated cat is 
about unity, and accept the convenient inference that in that preparation 
at least 90 p.c. of the oxygen usage is concerned with combustion of 
carbohydrate*. Accordingly, the amount of glucose consumed by com- 
_bustion in a decapitate eviscerated preparation from a cat of 3 kg. (t.e. 
a carcase of 2-4 kg. net weight, using 600 c.c. of oxygen per hour) would 
be about 0-8 g. The discrepancy between this and 0-36 g., which was also 
apparent in Burn and Dale’s own experiments, has been explained by 
further work of Best, Dale, Hoet and Marks [1926]; they showed that 
the source of the remaining glucose was the asphyxiated liver, and de- 
monstrated that quantities of glucose of the order of a gram could drain 
out in an hour by way of the patent hepatic veins into the general circula- 
tion. (Nevertheless, the blood sugar fell if glucose was not administered !) 
That the muscles themselves do not contribute by losing glycogen was 
shown by the same authors, and is also confirmed by our present — 
ments on decapitate cats. 

_ Returning now to the consideration of the decapitate cat, the case is 
much simpler. No glucose was supplied from without, and the liver is not 
losing, but gaining, glycogen. It would be unreasonable to suppose that 
the metabolism of the musculature i& qualitatively or quantitatively dif- 
ferent from that of the eviscerate preparation. We will therefore assess 
it at the same, viz. about 0-8 g. of glucose per hour, and assume for the 
moment that there is no glucose combustion in any other part of the body. 


1 The experiments were made by C.L. E. in 1922 at the National Institute for Medical 
Research, and with the prototype of the Schuster pump which was afterwards used in an 
improved form for a similar purpose by Burn and Dale. 

* The paper by Anderson, Cleghorn, Macleod and Peterson [1931] appeared just — 
as this paper was ready for press. We note that their values for oxygen per kg. net body 
weight per hour for cats before and after evisceration are similar to ours. They give im- 
portant reasons for the belief that the 8.9. of the decerebrate cat is not sensibly altered by 
evisceration. If that conclusion is correct the quantitative aspects of our argument would 
in some respects need to be considerably modified. 
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carbohydrate metabolism as follows: 

disposed of sources 
| Combustion (0-8 x3}) 2-65 From blood and tissue 0-90 
| Deposited in liver as 0-34 sugar (0-1 x 9) 

| 2-99 Loss of muscle glycogen 0:30 


4 (0-02 x 15) 

The discrepancy is very great, but is still greater if we admit that some 

glucose is probably also combusted as such by the abdominal viscera. It 

can be filled if we make one of the following assumptions: 

(1) The blood glucose is in equilibrium with an amount of tissue about 

} equal to the entire body weight; this we know is not the case. 

(2) The muscles consume very much less glucose than corresponds to 

: their oxygen usage. 

: (3) There is some intermediate substance present in considerable 

| amount in the body fluids, from which carbohydrate can be formed. 

| (4) Glucose is generated from ‘non-carbohydrate sources, presumably 

a in the liver, 

| The first and second inanitions may for the present be discounted ; 

the third receives some indirect support from various sources, e.g.’ the 

recent work of Corkill and Marks [1930], but does not seem to us to be 

necessary here. We are left with the fourth possibility, that of glyconeo- 

genesis, which appears to us to be the most likely. For a decapitate cat 

of the size we have been discussing, and using about 1090 c.c. of oxygen 


? per hour, with z.Q. = 0-86, the respiratory exchanges could be roughly 


allocated as follows: 
c.c. per hour . 
Oxygen 00, 
Musculature 600 600 1-0 
| Viscera 490 340 0-69 
1090 940 0-86 


4 The eviscerated cat has, weight for weight, a respiratory metabolism 
| only about 60 p.c. of that of the decapitate cat. Not only so, but as the 
above figures indicate, the metabolic processes must be very different in 
the viscera, including the liver, from those in the tissues of the eviscerated 
animal. Several authors, ¢.g. Mann and Boothby [1928], have found 
that the R.Q. of dogs is definitely raised by hepatectomy. The 8.9. of the 
visceral portions of the decapitate cat as calculated above is very low, 
and if long-fasted fasted animals had been used, as they were for our glycogen 
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experiments, would have been lower still. Taylor and Olmsted [1926] 
found 8.9.8 of 0-7 to 0-8 for decapitate cats, and a similar calculation, 
based on these quotients, gives a B.Q. for the viscera of the order of 0-4— 
a figure which can only be interpreted as indicating an incomplete com- 
bustion of some constituent, such as would indeed be expected if these 
materials were converted in the liver into carbohydrate, the final com- 
bustion of which was effected elsewhere, as for instance, in the muscles. 
We can see no obvious alternative to the conclusion that this is what does 
actually happen in the intact, as contrasted with the eviscerated animal, 
which latter seems to be living a short and prodigal existence on the hard 
earnings of its former partner, the liver. 

Our experiments on the decapitate cats thus provide strong evidence 
in favour of glyconeogenesis. Still stronger testimony, if such be needed, 
is provided by the decerebrate cat with intact suprarenals and splanch- 
nics. In this we have an almost steady high blood sugar, and it would 
seem certain that it is the liver glycogen which, by constant breakdown, 
keeps up the blood sugar level. Yet, in spite of the calls upon it, the liver 
glycogen increases, not immediately it is true, but suegee ce 
for instance, the following experiment: e 


Cat, 2-65 ky. Fasied 44 hours, except for some milk, 18 hours previously. 


Liver foe Blood sugar 

10.28 : 1-98 

3.38 0-287 

3-41 281 

3.45 - Killed 


The increase in liver glycogen of 2-31 p.c. (or about 1-5 g.) had been 
effected, although the blood sugar only fell by 0-016 p.c. Not more than 
0-25 g. of glycogen could have been produced from blood sugar. Muscle 
glycogen was not determined, and was no doubt definitely reduced. In 
accordance with the work of the Coris [1928] and of Eggleton and 
Evans [1930] a transfer of muscle glycogen to the liver, by way of lactic 
acid, would not be improbable. But taking the average fall in muscle 
glycogen in decerebrate cats from Fig. 7, we could not account for more 
than 1-5 g. of glycogen in that way, which would leave no 
for combustion of carbohydrate. 

experiments. with the decapitated 8.A. cats,in which 
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glycogen shows little change while the blood sugar is low throughout, alse 
have the same significance. 
| It will be apparent that we have not ‘dizeatly answered the iabahion 
whether the liver glycogen is formed from the blood sugar. Though our 
experiments do not enable us to give a decisive answer to this important 
question, we can see little reason for the current belief that liver glycogen. 
is necessarily, or ever, formed from the blood glucose. We prefer to think, 
as Cramer [1924] suggests, and as has also been urged by Markowitz 
4 [1925], that liver glycogen is an inevitable stage in the formation of 
blood sugar from non-carbohydrate sources; that it is a primary product 
| in glyconeogenesis, and is not secondarily derived from the blood sugar, 
| | while muscle glycogen is formed from the blood sugar, and possibly from 

no other source. 

ae Our view then, would be that, in the liver, protein, and perhaps fat, 
= is converted into glycogen ; that this glycogen, if required, is then broken 
down to yield blood glucose, which may be burned, either directly, or 
after having been laid down as glycogen in the muscles. A part of the 
| muscle glycogen can again be broken down to form lactic acid, as under 
the influence of adrenaline, or in muscular contraction, but may never 
form blood sugar, except by first passing, in the liver, into glycogen. Thus 
the liver glycogen at any time represents the balance between production 
and loss, as has been emphasized by the Coris [1928] and others, _ 
: When glucose is administered, especially by the portal vein, it would 
: seem that glycogen is laid down at a greater rate in the liver. But this 
{+ may be due to retention of new-formed glycogen, which would otherwise 
| have been converted into blood sugar, just as much as to a direct de- 
position of glucose from the blood stream as glycogen, a dilemma from 
which Claude Bernard could find no clear escape’. 


CAUSE OF THE FORMATION OF GLYCOGEN. 


' Having offered explanations for the fall and source of recovery of 
liver glycogen, it is interesting to consider the agencies which are re- 
sponsible for the recovery. There is a tendency, as our experiments show, 
for the liver glycogen to return again to nearly the same level as it had 

1 “La matiére glycogéne formée en plus grande abondance dans le foie sous l’influence 
de Palimentation sucrée est-elle le résultat d’une conversion directe, par voie régressive, du 
sucre en glycogéne, ou bien le sucre ne jouerait-il lA que le réle d’un excitant nutritif 
puissant qui exagérerait singuliérement la fonction glycogénésique du foie?” (p. 321.) 
comment le sucre agit-il dans ce cas, comme excitant nutritif ou comme prin- 

| cipe directement transformable en glycogine? Je 
(Le Diabéte, 1877, p. 323.) 
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before the commencement of the experiment, as though to reinstate a 
condition of equilibrium which had been temporarily disturbed. It is not 
easy to understand why this should be the case, or, for that matter, why 
there should be any recovery at all. Once the initial level has been ap- 
proached there is little, if any, tendency for it to be exceeded, though 
there may be a decline. These facts at first sight would predispose one to 
believe that the whole phenomenon might be due to a calling-in by the 
liver of the greater part of some substance into which the glycogen on 
mobilization had been converted, but if we believe that the glycogen has 
been converted into blood sugar, this simple explanation would, for the 
Teasons given, not be completely satisfactory. 

_ The fasting animal maintains a steady level of glycogen i in the liver, 
as it does the blood sugar level, long after the store of carbohydrate pre- 
sent at the commencement of the fast has been utilized. This steady level 
represents a balance between loss and new formation, which, when long 
periods are considered, must proceed at the same rate. It seems that this 
is an example of self-regulation or homoiostasis, as defined by Cannon 
[1929], and a glance at his postulates will explain what -we mean by this, 
though our interpretation of the mechanism of glycogen formation is 
totally different from the one which he discusses. 

As we interpret the phenomena, an increased rate of conversion of 
liver glycogen into blood sugar would lead to an increased rate of gly- 
coneogenesis, which would continue until the initial level, dependent upon 
the prevailing nutritional condition, had been reached; conversely, if 
direct deposition of glycogen from increased blood sugar be accepted as 
a possibility, as after heavy carbohydrate feeding, the glyconeogenesis 
would be checked as soon as the equilibrium level was reached, though 
this might not prevent still further laying down of glycogen, so long as the 
blood sugar remained high. 

It is impossible with the data at our disposal to offer any precise sug- 
gestions concerning the nature of the stimulus which is operative in 
causing the return of glycogen. The increase is apparently independent 
of nervous influences, possibly also of the a¢tion of the usual hormones 
which are associated with carbohydrate metabolism, and would appear 
to be a property of the liver cells themselves. During the action of ether 
something apparently happens which tends to check the.continued fall 
of liver glycogen. It would at first sight: seem that the presence of 
adrenaline in increased amount might be one factor which is responsible, 
first for mobilizing the liver glycogen as blood sugar, and, secondarily, 
for — the process of glyconeogenesis.. If so, it does not.seem to 
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be the only factor, since, as we have seen, the recovery still occurs when 
the suprarenals have been inactivated. 


‘SUMMARY. 


After under ether the liver to about 
55 p.c. by ether) is further lowered to about 25 p.c. of the initial amount. 
Recovery to about 80 p.c. of the initial level takes place 1 in the course of 
a few hours. 


2. Recovery occurs after deca preceded by 
but the initial fall is less. 

3. The recovery is still seen ‘atin Sennaeatiiis of the sive after 
destruction of the central nervous system, and after pancreatectomy 
performed just before decapitation, — not when the — was 
removed a day or two before. 

_ 4, There is also recovery of liver ireonei: following an initial loss, 
after decerebration; recovery is more rapid if the suprarenals are in- 
activated beforehand. 

5. Recovery after- decapitation i is: hampered by over-ventilation, and 
favoured by administration of oxygen containing 5 p.c. CO,. The dif- 
ferent states of the circulation probably have an important influence in 

causing these results. 

6. Infusion of glucose in large amount into o the portal blood stream 
in decapitate cats probably accelerated the rate of glycogen accumula- 
tion; the effect was not conspicuous, however, and moderate infusions into 
the general circulation produced no detectable effect. : 

7. The experiments provide evidence in favour of the view that liver 
glycogen is a primary product, formed from non-carbohydrate sources, 
from which the blood sugar is formed as a secondary product. Thus, in 
the decerebrate cat, the liver forms glycogen although the blood sugar 

_ shows no considerable fall. 

8. Viewed as an example of homoiostasis, the liver tends to maintain 
a constant glycogen level by balance between the rates of production and 
loss; sudden loss stimulates new formation until the original level is 
restored. 


The expenses of the investigation were borne in part out of Rockefeller Foundation 
Funds, and in part out of grants from the Government Grants Committee of the Royal 
Society. We here express our thanks for these funds. 
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THE ACTION OF ADRENALINE ON GLYCOGEN 
DISTRIBUTION IN THE CAT. 


Br C. LOVATT EVANS, CHIAO TSAI! ann F. G. YOUNG?, 


(From the Department of Physiology and Biochemistry, — 
U niveraity College, London.) 
In their experiments on rats subcutaneously injected with iain 
Cori and Cori [1928, 1929] and Cori, Cori and Buchwald [1930] 
found that the liver glycogen though transitorily lowered, soon rose to 
a higher level than before. They advanced in explanation of their results 
the hypothesis of a lactic acid-glycogen cycle, according to which muscle 
glycogen is by the action of adrenaline converted into lactic acid, from 
which the liver synthesizes glycogen, part of which may be stored there, 
while part may be returned into the blood as sugar, owing to the generally 
recognized action of adrenaline in accelerating the conversion of liver 
glycogen into glucose, as well as to a reduced glucose utilization of the 
tissues, for which they also hold adrenaline to be responsible. Their work 
and that of others has been adequately reviewed by Cori [1931]. 
_ A somewhat similar cycle has been postulated by Geiger [1930] for 
the frog, and similar results obtained by Blatherwick and Sahyun 
[1929] and Sahyun and Luck [1929] for rabbits. Choi [1927] and 
Soskin [1927] found no clear evidence for loss of muscle glycogen, but 
only used small doses of adrenaline. Chaikoff and Weber [1928] 
found a loss of glycogen in the rat, but, — small doses, could not 
confirm it in eviscerated dogs. 
Eadie [1929] studied the action of adrenaline (0-1-1-0 mg.) on cats 
under amytal, but obtained only a reduction of liver glycogen, and found 
no striking changes in muscle glycogen; Firor and Eadie [1930] also 
found that adrenaline did not lower the muscle glycogen in cats, even 
after removal of the liver: Eadie’s results [1930] with rats were similar 
to those of the Cori’s, and he concluded that there was a difference in 
the action of adrenaline in the two species. 
The lowering of muscle glycogen and the increase of blood lactate on 
intravenous infusion of large doses (1-2-8 mg.) of adrenaline together 
Shanghai Fellow of the Rockefeller Foundation. 
* Sharpey Scholar. 
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with glucose, were confirmed recently by Corkill and Marks [1930] in 
eviscerated spinal cats!. 

We undertook the work now described chiefly in order to investigate 
the effect of adrenaline on the liver glycogen in the cat, and to find, if 
possible, the cause of the discrepancies between the results obtained by 
- Eadie and others with cats and dogs and those obtained by the Coris 
with rats: the use of larger animals, with rate and dosage of infusion 
controlled, and the glycogen content at various periods of recovery 
studied, was also very desirable as providing conditions more readily 
controlled than would be possible with rats. 


METHODS. 


We have iiaaia on rats (““Glaxo,” Grade C) the main experiment, 
as carried out by Cori and Cori, and also carried out similar experi- 
ments on cats much as was done by Eadie [1930], except that our cats 

were killed by pithing the medulla, followed by decapitation. = 
We also tried experiments on both rats and cats under amytal 
anesthesia, in the hope that liver samples could be obtained at intervals, 
but found, as described elsewhere [Evans, Tsai and Young, 1931 (I)] 
that amytal alone caused a loss of liver glycogen, and acourmaely 
abandoned its use, 

Subsequently we observed that the lives glycogen in the decapitated 
cat or the decerebrated cat with inactivated suprarenals normally — 
increased during the hours following the operation [Evans, Tsai and 
Young, 1931 (II)], and found that a similar observation on the de- 

capitated cat had previously been made by Olmsted and Coulthard 
[1928], whose work we confirmed in all essential particulars. We therefore 
studied the effect of subcutaneous injection, and of continuous intra- 
venous injection of adrenaline on the rate of glycogen recovery in those 
preparations, using for the purpose the methods described in our former 
paper, and for the continuous infusions, into the external jugular vein, 
the apparatus described by Burn and Dale [1924]. The rate of infusion 
of the adrenaline was from 0-001 to 0-003 mg. per kg. per min., and 
therefore probably within physiological limits [Cannon and Rapport, 
1921]. During the infusions of adrenaline we often observed the fibrillary 
twitchings of the muscles described by Choi [1927]. As a routine we 
therefore denervated the muscles of the hind limbs by dividing the 
anterior crural and sciatic nerves, and for analysis chose for preference 


1 As this paper goes to press, a paper by Sacks sesoacebnanet J. Physiol. 97, 467) 
has appeared, showing results very similar to ours, 
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degree of glycosuria was slight: in most cases it was not estimated. 


@ period as 4 hours. The few amytal experiments are added for com- 


Control (saline solution) Adrenaline (0-2 mg. /kg.) 

Muscle Liver Muscle Liver 
gly- gly- Blood Blood gly- Blood Blood 

| cogen cogen lactate cogen cogen sugar 

Rat (brs.) Treatment (pc) (pc) (pce) (pe) (pe) (pe) (pe) (pc) 
EF 16 Ditto 0. 053 0086 0044 008 040 0156 0-038 
1 Ditto 018 056 0091 0043 009 055 0123 0045 
es Ditto 159 0072 0069 013 800 0110 0.050 
2: Ditto 027 025 0053 0021 O10 1-82 0-024 
; Mean 026 054 0075 0044 010 119 0120 0-039 
M 24 Amytal 0-1 gjke 038 O46 — — O19 020 0107 0-030 
N 24 Ditto 027 O68 — — O28 00 O101 003 
0 24 Ditto 0- 069 — — 020 O07 0106 003 
P,Q. 22 Amytal 008 g/kg. 025 003 0064 0024 024 008 0077 0022 
R 22 bitto 
Mean 031 047 — — O88 009 0095 0-028 
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those muscles which we knew to have been denervated by this procedure. 
But in control experiments we found that the effect of adrenaline on 
muscle glycogen is the same whether the muscle was denervated or not, 
and actually we saw that the fibrillary twitchings during adrenaline 
were not completely absent after denervation. 

In some experiments the urine was collected at intervals and amounts 
of glucose from 0-1 to 0-2 g. found in it after adrenaline, so that the 


RESULTS. 

In our experiments on rats after the method used by the Coris we 
gave 0-2 mg. of adrenaline per kg. and killed the animals after 3} or 
4 hours. The control animals received an injection of the same volume 
of 0-9 p.c. salt solution. The results (Table I) are, for so few animals, in 
satisfactory agreement with those of Cori and Cori. The lower lactate 
after adrenaline has, we believe, no particular significance after so long 


pleteness, to illustrate further the unsatisfactory nature of this anesthetic 
for such investigations. 3 


Tasxz I. Effect of adrenaline on glycogen distribution in rats. 


The experiments on cats were undertaken in order to find whether 
an effect on liver glycogen so large as that in rats might be obtained. 
Experiments by Eadie [1930], and others of our own, having shown that 
adrenaline, especially in large doses, in the first place always lowered the 
liver glycogen in cats, we gave 0-2 mg. per kg. and allowed intervals of 
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5 to 7 hours to elapse after the subcutaneous injection of the adrenaline, 
in order to give every chance for the liver glycogen to show any possible 


subsequent increase. The results of these experiments are in 
Table IT. 


(Cori’s technique.) 
_ Controls (saline solution) Adrenaline (0-2 mg./kg.) 
Liver Blood Blood, Muade Liver lood Blood adrenalin 


4B 081 086 008 0018 015 244 0089 0014 70 
02 186 0089 036 270 0031 5-9 
EF 03 039 0008 0014 010 189 #0227 0018 5-2 
GH 02 087 ©0187 0083 023 120 0188 04025 5-6 
LJ 04 162 085 121 O171 0041 5-7 
0389 084 0090 00930 023 070 0160 002 50 
MN 082 252 O112 002 048 344 O175 0030 52 


Mean 033. 128 008 1 


2 
a 


' They show that 5 to 7 hours after adrenaline, the muscle glycogen 
was probably slightly lowered, blood sugar still slightly raised, and blood 
lactate unaltered. The results for liver glycogen may, we believe, be 
accepted as showing that the initial fall which Eadie found to occur 
in 14 hours has been fully retrieved. But the glycogen results, never 
- particularly uniform in cats, were here exceptionally irregular; moreover, 
the ‘average glycogen content was, as we have previously indicated 

(Evans, Tsai and Young, 1931 (I)], so clearly below the normal 
. average as to point to a variable, but on the whole, considerable loss 
_ of glycogen in the course of decapitation and sampling. We therefore — 
’ do not think that the apparent increase, on the average, of 50 p.c., with 
' go rough a method, and on so few animals, can be considered to be 
- more than barely suggestive of the possibility of an increase of liver 
_ glycogen during 5 to 7 hours following adrenaline injection. As we could 
_ not contemplate experiments on a truly statistical scale, the use of this 
method was discontinued. 


Effect on cats wnder seat 


The next step to be described was taken before we were aware of the 
unsatisfactory nature of amytal anesthesia, but in spite of that defect 
we propose to describe the experiments in order further to illustrate it, 
by contrast with the experiments which were made afterwards. The 
experiments were made under amytal, by slow infusion of adrenaline, 
over periods ranging from 1 to 8 hours and in total amount varying 
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from 0-09 to 0-65 mg. per kg., with liver, muscle and blood samplings 
before the injection and at intervals, varying from 0 to 280 minutes, 
after the cessation of the injection. The tabulated results are shown in 


Table ITI. 
ITI. Intravenous infusions of to amytalized cats. 
Before adrenaline After adrenaline 
¢ —~ Due A 
Dosage Muscle Liver tion of Time after Muscle Liver 

adrena- gly-  gly- Blood Blood adrenaline end of gly Blood Blood 
line cogen cogen sugar lactate infusion lactate 
Exp. mg/kg. (p.c.) (p.c.)  (p.c.) (hours) (mins) (p.c.) (pc) (pc) (pc) 
33 000 O20 089 #O127 0027 6-0 15 0-01 0-246 0016 

36. 008 O41 O70 O14 0010 £57 10 00T 0-25 

32. O22 06 0800s O19 0-026 20 10 00T O15 
48 O23 034 # 1-40 — 82. 135 039 054 0-016 
50 8023 «066 «60004 10 20 0-41 0- 0-061 

49 O31 O52 +117 0080 oa 15 30 038 00 0- _ 

300 0 036 O10 O218 0034 
51 048 O70 104 0610 0-016 20 021 006 6 eo 

87 O44 8-0 10 010 O18 0335 04030 


i; ‘The effect of adrenaline during or shortly after the injection is better 
a seen in the following analysis of the eight experiments in which samples 
taken before the injection was begun and 30 minutes after 
its close. 


3 (p.c.) (p.c.) 
Muscle piycogen 0-46 0-20 
Liver glycogen 0-80 0-21 
sugar 0-115 0-251 
Blood lactate 0-018 0-034 


The effect of the subsequent interval after cessation of the adrenaline 
injection i is illustrated by the subjoined analysis of the three experiments 
in which samplings were made before adrenaline, 20-30 minutes after, 


and 150-280 minutes after. | 
Before 20-30 150-280 
adrenaline mins.after mins. after 
Muscle 0-63 
Liver glycogen 1-05 0-11 0-54 
sugar 0-096 0-271 0-193 
‘Blood lactate 6-018 _— 0-047 


With the exception of Exp. 33, in which there was a small and 
doubtful increase, all the experiments show a fall in liver glycogen during 
and immediately after the injection of adrenaline. The following points 
are of interest in these experiments: 

(1) In spite of the tendency of amytal to lower the liver glycogen, 
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there was an evident increase in the liver glycogen, greatly lowered 
during the infusion of adrenaline, during the period following the stoppage 
of the infusion, Muscle glycogen also showed a slight recovery. : 

(2) Blood lactate returns more rapidly than blood sugar to the 
normal level, after cessation of the infusion. 

‘Experiments by G. T. Cori [1930] on rats showed that amytal 
greatly intensified the depressive action of adrenaline on glucose utiliza- 
and reduced the and excretion in 


> 


Initial liver glycogen, p.c. Blood sugar, p.c. 


mir a2 


100 oC 300 400 
Fig. 1. Cat, 3 kg. Decapitation at D. Liver and muscle glycogens, blood sugar and lactate. 
Continuous infusion between A, A of 1 : 25,000 adrenaline at average rate of about 
49.0, per hour from the 126th minute to the 416th minute (=4 hrs. 50 mins.). 
Total dose =0-945 mg. =0-316 mg. per kg. Times from first administration of ether. 
Thicker lines during infusion. Liver glycogens as percentages of calculated initial 
<r Dotted lines show average normals without 
adrenaline. 


rats receiving injections of adrenaline; these results are not funda- 
mentally dissimilar to our own. 


Experiments on the decapitated and decerebrated cat. 

_ Experiments on ‘the decapitated cat have been made by infusion, 
with or without a subsequent period of observation, and also by sub- 
cutaneous injection. . 

The experiments in which a continuous infusion of adrenaline (0-2— 
0-3 mg. per kg. in all) was given at the rate of 0-001 to 0-0027 mg. per kg. 
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per minute, for several hours and right up till the end, are sufficiently 


exemplified by one typical illustration, which is given as a graph in 
Fig. 

From a comparison of the results of niet experiments with the 
average results for decapitated cats [Evans, Tsai and Youn g, 1931 (II)] 
which are shown for comparison in Fig. 1, it is certain that during the 
administration of adrenaline there is a fall of liver and muscle glycogen 
and.a rise of blood sugar and lactate. 

We do not propose to enter here i in any detail into the question of 
the carbohydrate balance sheet after adrenaline, as we have not all the 
requisite data for the purpose. Such calculations as we can attempt must 
be of the roughest, but, for what they may be worth, we may state that 
we- have also found the same discrepancy in our calculations which was 
discovered by Olmsted and Coulthard [1928] for the decapitated 
cat, and by Corkill and Marks [1930] for the eviscerated decapitated — 


_ preparation, and which, according to Cori [1931], is to be attributed 
largely to formation of hexose phosphate. Thus in the experiment of 


Fig. 1, even if we allow only 0-4 g° glucose per hour as being burnt, 
make no allowance for loss of glucose by the kidneys, and estimate that 
the blood glucose and lactate are in equilibrium with a mass of } the 
body weight, we get the following result, by calculating after the manner 

of Corkill and Marks and omitting muscle lactate and glucose for 
which we have no data, but. which, if added, would be unlikely to fill” 


the deficit. 


Loss of muscle glycogen 3-75 g. 


Rise of blood sugar (0-133x10) 

Rise of blood lactate (0-017 x 20) 

Estimated combustion, 04x48 ... 192g. 


: Carbohydrate unaccounted for, 1: 29 g. 
other series of experiments on decapitated cats we infused 
adeeniiel (in doses of 0-15 to 0-57.mg. per kg.) for a period, usually of 
about an hour, and then observed the subsequent changes in liver and 
muscle glycogen and blood sugar and lactate, Experiment 94 is typical. 
Three other experiments showed practically the same results as the 


' above, except that there was little or no recovery of muscle glycogen 


after stopping the adrenaline injection: in two other experiments there 
was no return of liver glycogen after the adrenaline (0-19 and 0-26 mg. 
per kg.) was discontinued, but otherwise the results were practically the 
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9.57 a.m. Ether begun... 
10.02 a.m. Liver sam 
10.17 a.m, Decapitation ace eee eee 
10.31 a.m. Liver samples 


11.33-11.48 a.m. Liver, tibialis and gastrocnemius 
and blood sam samples. 7 pin 

11.49a.m.—12.50p.m, Ad fusion 0-2mg. /kg. 
-003 


0-06 0-272. 
188 0-112 


"700 200 300 400 


Fig. 2. Average curves for liver glycogen (four experiments), muscle glycogen, Steen 


and blood lactate (six experiments) during and after adrenaline injections. 


same. An average curve for the six experiments, but excluding liver 
glycogen figures for the two experiments in which there was no sub- 
sequent return of glycogen, is given in Fig. 2. 

- These results indicate, as did those of the preceding series, that 
during the administration of adrenaline in the doses we have employed, 
there is a great fall in liver glycogen as well as an unmistakable fall of 
muscle glycogen and rise of blood lactate. They show, further, that, at 
all events up to 4 or 5 hours after the cessation of adrenaline, the liver 
glycogen has not returned to a higher level than it would have done 
after having been lowered by the procedures involved in decapitation 
without adrenaline. In fact the graph for liver glycogen in Fig. 2 shows 
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that the curve for recovery after adrenaline very closely resembles the 
average decapitation recovery curve when allowance is made for the 
lower glycogen level in the adrenaline and the consequently more rapid 
progress of the early stages of the recovery, which would be anticipated 
in view of the homoiostatic nature of the recovery process previously 
suggested by us (Evans, Tsai and Young, 1931 (II)]. The return to 
normal level of the blood lactate, which showed no rise because the 
average was high to begin with, is also well shown. The blood nec was 
falls, though not — to the normal level.. 


Fig. 3, Liver and muscle glycogen, and average blood glucose and lactate in decapitated 
- cate receiving subcutaneous injection of adrenaline (0-2 and 1-0 mg. per kg.). | 


_ . The experiments by subcutaneous injection (in the axillary region) 
into the decapitated animal are of interest because they give an indication 
of the rate of absorption and duration of action of adrenaline under these 
conditions. Four experiments were performed, with doses of 0-2, 0-21, 
0-5 and 1-0 mg. adrenaline. Recovery of liver glycogen was proceeding 
when the injections were given, which was at about 2 hours after the 
beginning of the experiment. The two smaller doses did not interrupt 
the recovery of liver glycogen, the two larger ones definitely did so; one 
curve of each type is shown in Fig. 3. The recovery of liver glycogen in 
the later part of the curve when 1 mg. adrenaline was given was not seen 
in the experiment where only 0-5 mg. was administered, and cannot 
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easily be explained; as the muscle glycogen also fell more slowly at that 
time it may be that absorption had ceased. | 
_ Muscle glycogen appeared to fall throughout, i certainly continued 
to do so in all cases between the.225th and 400th minute. Blood sugar 
and lactate are of especial interest, inasmuch as the former shows a 
maximum at about the 250th minute, after which there was little fall, 
while the latter began to rise sharply at about that time. These results 
all point to the same conclusion as was reached by the Coris, that 
subcutaneously administered adrenaline is only slowly absorbed, and 
that it is still being absorbed, possibly at a uniform rate, some 4 hours 
after administration. A similar inference can be drawn from the experi- 
ments by Cori [1930], and Bischoff and Long [1930] find that the 
effect may last for 6 hours. No doubt the rate ‘of absorption may be 
less rapid in the decapitated than in the intact cat, and from the fact that 
0-2 mg. per kg. (which if absorbed in 4 hours would = -0008 mg./kg./min.) 
produced no effect on liver glycogen recovery, whereas infusion at that 
rate produced a rapid fall, it would appear likely that absorption is 
not complete in 4 hours. 
A few experiments were ssialiaineil on animals decerebrated ss 
peta 90 method [1923] in which the suprarenals had been “inacti- 
” by division of the left splanchnic and removal of the right 
pe a immediately beforehand. As the results showed nothing 
different from those on the decapitated animals they need not be 
described. 
We have not considered the possibility, often mooted, that sdrenaline 


may stimulate new formation of carbohydrate. That new formation of 


carbohydrate does occur in the body is incontestible, and in his recent 


review Rapport [1930] has marshalled the evidence for the certain 


conversion of protein, and the more questionable support for the con- 
version of fat, into carbohydrate. That the liver is largely concerned in 
effecting such new formation is generally accepted, and we have in a 
former paper given proofs that glyconeogenesis occurs in the liver of 
decapitated and decerebrated cats such as have been used for the present 
experiments. But we do not think that there is any need for assuming 
_ that the normal process of conversion of protein and fat into glycogen 
is accelerated by adrenaline, and although evidence has been given by 
Chaikoff and Weber [1928] to that effect, Geiger and Schmidt 
[1928], who at first: inclined to that it after 
further examination. 

We do ect own experimente anything but derease in live 
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glycogen during the actual infusion of adrenaline, or any indication that 
the rate or extent of recovery of liver glycogen after the termination of 
an infusion of adrenaline are greater than would be the case after 
depletion produced in any other way. In fact, the results we have 
obtained are rather in agreement than otherwise with the hypothesis 
which is put forward by the Coris to explain the effects of adrenaline 
on the rat. We do not consider that the absence in cats of an increase 
in liver glycogen within a few hours of the administration of adrenaline 
can be brought in evidence against their general conclusions regarding 
the manner of its action. We have, in fact, confirmed the primary 
depletion of liver and muscle glycogen, which apparently occur much asin ~ 
the rat, and Eggleton and Evans [1930] have given further evidence 
that lactic acid is actively removed by the liver. If we agree that the 
glycogen content of the liver at any time is the resultant of simultaneous 
processes of formation and glycogenolysis, it follows that, unless the 
formation of glycogen by glyconeogenesis proper and from blood lactate 
and blood sugar exceeded the rate of glycogen breakdown no accumula- 
tion would occur. It appears that in the cat this i i8 fens state of affairs 
under the conditions of our — 


1. During the direct infusion of adrenaline (0-09 to 1-0 mg. per kg.) 
into the general circulation, there was in all cases a fall of liver glycogen 
and muscle glycogen and a rise of blood sugar and usually of blood 
lactate. The fall of liver glycogen was usually great, and particularly 
striking in decapitated and in decerebrated cats in which, without the 
adrenaline, the glycogen would have increased. The fall of muscle 
glycogen occurred whether the muscle was denervated or not. 

2. After cessation of the infusion there was a rapid return of liver 
glycogen, but even after 4 hours this had.not exceeded the original 
level. The stimulus to recovery was so great as to show itself even in 
animals under amytal, which by itself lowers liver glycogen. This is 


attributed rather to the operation of factors tending in any case to 


restore low liver glycogens to normal levels, than to any specific stimulus 
due to adrenaline itself. | 

3. Subcutaneous injections into rats gave increases of liver glycogen 
as found by Cori and Cori, but this result was not obtained on rats 
under amytal. Subcutaneous injections into intact cats (0-2 mg. per kg.) 
showed no conclusive change in liver glycogen after 5-7 hours. After 
subcutaneous injection in decapitated cats the normal rise of liver 
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glycogen was either not impaired (when small doses were given) or was 
converted into a large fall (with large doses). The time relations suggest 
that adrenaline was still being absorbed 4 hours after the injection. 

4. It is concluded that in the fasting cat the only direct effects of 
adrenaline on liver glycogen and muscle glycogen is to cause a decrease, 
and on blood sugar and lactate an increase. 


The expenses of the investigation were borne in part out of Rockefeller Foundation 


Funds, and in part out of grants from ‘the Government Grants Committee of the Royal 
Society to C. L. E. and F. G. Y. We here express our thanks for this aid. 
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THE VARIATIONS IN THE ACIDITY OF THE 
GASTRIC JUICE DURING SECRETION}. 


By CHARLES BOLTON anp GORDON W. GOODHART. 


(From the Pathological Department, University College 
Hospital Medical School.) 


To physiologists the hydrochloric acid of the gastric juice is chiefly of 
interest because of its function of activating pepsin, and, since any 
material rise above or fall below the average percentage of this acid does 
not normally occur, the problem of the automatic regulation of the 
acidity of the gastric contents has not hitherto received much attention 
from them. To the physician, however, the hydrochloric acid is of para- 
mount importance because of its irritant and destructive effects upon 


_ the gastric mucous membrane when present in concentration above the 


average normal value, owing to failure of this automatic mechanism; 
further, the correct interpretation of the clinical test meal depends upon 
our precise knowledge of the causes of and morbid processes resulting 
from such a failure. From the pathological standpoint there are two 
aspects of this problem. The first relates to the acidity of the gastric 
juice present in the fasting stomach in the condition of interdigestive 
hypersecretion; and the second to the acidity of the gastric contents 
during the digestion of the food. The state of interdigestive hyper- 
secretion is more intimately related to the acidity of the gastric juice 
as secreted; whereas, during the digestion of food, the acidity of a certain 
volume of gastric contents is to be prevented from rising above the 
average normal level, and is to be reduced if it does so, whatever may 
be the acidity of the gastric juice as secreted. Many clinical observations 
have been made to elucidate the causes of this automatic regulation of 
acidity and why it is liable to fail, and many deductions have been 
drawn therefrom. All these observations are open to the objection that 
they cannot be controlled, and therefore no general agreement has yet 
been reached, since different interpretations may be placed upon the 

1 The expenses of this research have been defrayed by a grant from the Graham Fund, 
University of London. 
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results obtained with equal justification. So many separate and distinct’ 
processes are occurring at the same time and interacting the one with 
the other, that it is impossible to disentangle them, and the interpreta- 
tion of the observed phenomena remains a question of probability and 
not of certainty. This difficulty of arriving at a definite decision is 
common to most clinical observations, and it is all the more evident 
when the nature of the normal processes themselves is in dispute as 
in the present instance, for the nature and causes of certain normal 
variations, which have been observed in the acidity of the gastric juice, 
have not yet been satisfactorily explained. 

Three views have been advanced as regards these variations. The 
first is that of Pavlov [1910], who definitely stated that “the gastric 
_ juice as it flows from the glands possesses a constant acidity.” The first 
small amount of juice secreted in response to an adequate stimulus has 
a low acidity, which Pavlov attributes to neutralization since the sub- 
stance flows over an alkaline mucous membrane; when once the flow is 
established, however, the juice exhibits its normal acidity which thence- 
forward remains constant. During the decline of the secretion he says 
there is “an absence of the low acidity corresponding to a similar rate 
of outflow at the beginning,” because the stomach has been washed, so 
to speak, by gastric juice, so that “not unfrequently all connection 
between rate of secretion and degree of acidity can be removed.” He 
concludes, however, by stating that “the possibility is not wholly ex- 
cluded of some relation existing in the case of gastric juice between the 
rate of secretion and the degree of acidity.” 

_ The second view is that of Rosemann [1907], who formed the 
hypothesis that the amount of HCl which the gastric cell forms from the 
total chloride supplied to it depends upon its secretory energy, so that, 
when this energy is low at the beginning and end of secretion, the HCl 
content of the gastric juice is diminished and the neutral chloride content 
is raised, the total chloride remaining more or less constant. He made 
his observations on a dog on which he had performed cesophagotomy. 
He excited the gastric glands by sham feeding and collected the juice 
every half-hour from the whole stomach through a fistula. It cannot be 
said that very great variations in the acidity occurred, because his lowest 
record was 0-319 p.c., and in twelve out of the sixteen observations he 
found that it was not less than 0-43 p.c. after four or five hours’ secretion. 
His greatest rise in neutral chloride was to 0-22 p.c. The observations 
lose some of their significance, because the stomach was not isolated by 
pyloric occlusion during the experiment, and only one animal was used. 
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The third hypothesis is that of Maclean and his colleagues[Maclean 
and Griffiths, 1928; Maclean, Griffiths and Williams, 1928]. They 
_ experimented with two dogs using the Pavlov pouch and obtained 
similar results to those of Rosemann; that is to say a constant total 
chloride content and, at the beginning and end of secretion, a diminution 
of acidity and a correspondingly raised neutral chloride percentage. The 
only difference was that in the two observations described by him the 
final acidity stood much lower, in the region of 0-061 N, and the neutral 
chloride higher, about 0-28 p.c. He assumes that, if secretion had con- 
tinued in sufficient amounts for analysis, at the end of secretion an 
acid-free fluid would have been obtained. His hypothesis is that the 
gastric cell secretes the chloride ion “at a definite fixed concentration, 
part of it unchanged as sodium chloride and part changed into HCl, and 
that the extent of this change governs the acidity of the secreted juice.” 
At the beginning of secretion the acidity rises as more and more sodium 
chloride is converted into HCl, and as the secretion subsides and the 
acidity falls the degree of transformation of sodium chloride diminishes, 
until this salt is secreted more or less unchanged. As secretion proceeds 
the gastric juice is thus converted into a neutral fluid which dilutes the 
gastric contents and reduces their acidity. The change over from HCl 
to sodium chloride is considered to be due to inhibition of formation of 
HCl, owing to the presence in the stomach of HCl of a certain concen- 
tration. The facts do not appear to justify this conclusion, because, before 
the acidity has fallen low enough for the gastric juice to act as a diluent 
to the gastric contents, the secretion has apparently come to an end; 
~ although he makes no reference to amounts secreted, except in so far as 
he says that at the final point there was not enough secreted for further 
analysis. It is true that the acidity must fall to zero when secretion of 
gastric juice stops, for alkaline mucus is present in the stomach, so that 
the last few drops of juice secreted must be lost in this by dilution and 
neutralization; and the final percentage of neutral chloride must at least 
be as high as that contained in the mucus itself. This idea of the trans- 
formation of the gastric juice into a neutral diluting fluid has been 
attacked by Webster [1929]. He used the method of Rosemann, 
stimulating in addition the secretion of gastric juice by histamine and 
also by alcohol injected into the bowel. He-measured the proportion of 
mucus in each sample of juice, the amounts of which he gives. He found 
the same variations in acidity as Rosemann had and noted that the 
proportion of mucus increased towards the end of the experiment as that 
of the juice decreased. He therefore concluded that the added mucus 
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was sufficient to explain the variations in acidity by neutralization and 
the formation of a protein salt of hydrochloric acid. He denies that 
anything in the nature of a diluting fluid is produced, but admits that 
some alteration in acidity in Rosemann’s sense probably occurs. He 
points out that the regurgitation of bile through the pylorus has to be 
taken into account in these experiments, since the stomach was not 
Isolated. He reached the same conclusions by use of the gastric pouch 
method. 

Such is the state of affairs in regard to our knowledge of this most 
important factor in the problem under discussion, that is to say, the 
nature of the variations in the acidity of the normal gastric juice. Until 
the facts regarding these variations are precisely defined and placed 
beyond dispute in the first instance, it is clearly quite impossible to 
interpret findings obtained by clinical methods with any degree of 
accuracy. 

This communication deals with an experimental enquiry into the 
degree and causes of these variations in acidity of the gastric juice, 
because the experimental method is the “~ one by which controlled 
results can be obtained. 

The immediate objects in view were: 

1. To determine the variations in acidity of the gastric juice as it 
flows from the whole stomach during a secretory period comparable to 
_ what occurs during the digestion of a meal. 

2. To ascertain whether any variations occur in the acidity of the 
juice as it flows from the gastric glands. 

3. To discover the effects of admixture with mucus. 

4. To find out to what extent the unaided stomach is able to reduce 
the acidity of gastric juice continuously secreted, as occurs in the con- 
dition of continuous hypersecretion in the human subject. 

The mucous membrane of the stomach in the fasting state is covered 
with a layer of mucus, which adheres to the surface and cannot be com- 
pletely removed by washing or mopping: moreover, mucus is secreted 
in varying amounts whenever gastric juice is flowing, and is particularly 
in evidence as the amount of juice is falling off. It is thus not possible 
to obtain pure gastric juice for analysis, since there is always some 
contamination with mucus. One can, however, obtain pure mucus in 
small quantities and determine its alkalinity and chloride content. 
Although the relative amounts of gastric juice and mucus are unknown, 
we have obtained sufficient data to establish the main facts, although 
exactly the results in figures. 
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METHOD. 


Cats were used as the experimental animals. The whole stomach was 
used in every experiment, the pyloric and cardiac orifices being occluded 
by ligature and a cannula tied in. By this means the mixed juice from 
all parts of the stomach was obtained, and contamination with any 
other secretion but the mucus secreted by the gastric mucous membrane 
was avoided. The vagi were included in the cesophageal ligature, because 
the point was immaterial to our experiments and simplified the pre- 
paration. It was considered much better to use a fresh animal for each 
experiment, than to isolate the stomach by an aseptic operation and 
keep the animal alive for many observations.. In this way a very much 
larger number of experiments on different animals could be made, so 
that individual idiosyncrasies were allowed for, and each animal was in 
a thoroughly healthy condition; whereas, if repeated observations were 
made on one animal, only a limited number of such experiments could 
be done and, putting aside the difficulty of the operation for isolating 
the complete stomach, and of keeping the animals in a healthy condition 
afterwards, the compensatory changes which occur in all animals when 
_ the bodily mechanisms are seriously interfered with could not be avoided. 
The acute experiment was further particularly suitable for our experi- 
ments, since it was quite immaterial to the value of the observations 
whether the animal was conscious or not. Hither the method of de- 
cerebration or ether anesthesia was used, and the results were precisely 
the same in either case. The animal was decerebrated as follows. It was 
chloroformed deeply and the carotids were ligatured. The skull was 
trephined in the left parietal region and the bone rapidly cut away with 
bone forceps so as to expose the left half and vertex of the brain. This 
structure was then completely incised at the upper level of the ten- 
torium and the whole brain rapidly scooped out of the skull which was 
packed with cotton-wool. No difficulty with the establishment of respira- 
tion was as a rule encountered, and by the time the remainder of the 
preparation was completed the animal had completely ridded its blood 
of chloroform. The abdomen was opened and the stomach drawn out. 
After ligature of the pylorus and cardia a wide cannula with a smaller 
side branch was introduced into the stomach, and secured in position 
with a purse string suture, so that easy access could be obtained to both 
cardiac and pyloric portions, and the abdomen was closed. The juice 
was aspirated from the stomach by a small glass syringe through a fine 
rubber tube introduced through the cannula, which was wide enough to 
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allow of the stomach being mopped dry with absorbent cotton-wool. 
_ The stomach could be washed-out, and distended with fluid at any 
pressure through the branch tube, the mouth of the cannula being closed. 
One had thus a perfectly controlled experiment, and could be certain of 
the exact amounts of fluids introduced and extracted from the stomach; 
also that it was completely emptied. The experimental animals were fed 
on milk only for a few days, and for twenty-four hours before the 
experiment they were not fed and were isolated from the sight and 
smell of food. Even under these circumstances it was not always possible 
to ensure inactivity of the gastric glands, which was our aim. For, 
although in general the stomach was perfectly empty and clean, the 
moppings with cotton-wool were not uncommonly acid in reaction. Very 
- uncommonly a small hair ball or a few worms were encountered, and in 
such cases the animals were discarded. The gastric glands were excited 
to secretion by pilocarpine or histamine, each producing a wave of secre- 
tion precisely comparable to that occurring during digestion. In the 
case of pilocarpine it is advisable to perform tracheotomy, so that the 
trachea can be occasionally cleared of mucus with a feather. Ether, as 
already stated, does not interfere in any way with the gastric functions 
under consideration, and it has the advantage of deadening the lower 
reflexes, which occasionally were found to be troublesome when de- 
cerebration was employed, but on the whole we preferred decerebration. 
The results of our experiments will be described under the following 
headings: | 
I. Gastric mucus. 
II. The gastric secretion obtained from the whole stomach. 
III. The after-secretion of gastric juice. 


I. GastTRIc MucUS. 


Sufficient mucus for analysis cannot be collected from the fasting 
stomach without the aid of some special excitant which causes a flow 
of mucus only and is without effect upon the gastric juice. Several sub- 
stances have been used by observers at various times to cause a secretion 
of mucus, but we have found many of these, for example, silver nitrate, 

_ mustard, allyl isothiocyanate and hot water, open to the objection that 
it is not mucus alone which they excite but a mild inflammatory exudate 
containing a large amount of albumin. After trying the effects of many 
different substances we finally produced a secretion of pure mucus by 
elove oil, ether, or pilocarpine after paralysis of the gastric secretory 
nerve ends with atropine. The method employed was to introduce into 
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the isolated stomach 40 c.c. of a 5 p.c. emulsion of clove oil or ether- 
saturated water. The fluid was allowed to remain in the stomach for 
ten to fifteen minutes; it was then run out and the mucous membrane 
was mopped dry with absorbent cotton-wool. It was found that, in from 
half to one hour, a layer of mucus coated the mucous membrane, and 
from 1 to 2.¢.c. could be extracted. This mucus was thick, clear or slightly 
opalescent, and would barely run. The specimens were precisely the 
same in each case. On precipitating the mucin with glacial acetic acid 
and filtering, a clear fluid is obtained. After neutralization this fluid 
becomes slightly cloudy with salicylsulphonic acid; this cloud dissolves 
either almost or completely on heating and reappears on cooling. It is 
clearly a protein of some sort. The mucus is free from albumin. Inorganic 
chloride was present in it to the extent of 0-288 gramme p.c. of Cl’ and 
the alkalinity was 0-03 N to 0-04 N, titrating with N/10 HCl and using 
dimethylaminoazobenzol as indicator. It was alkaline to litmus and 
a single drop of V/10 NaOH sol. turned it deep red with phenolphthalein 
as indicator. The subcutaneous injection of pilocarpine gr. 4, preceded 
fifteen minutes earlier by atropine gr. 4 produces a scanty mucous secre- 
tion, having the same chloride content and alkalinity as first described. 
An attempt was made to ascertain whether the chloride content of this 
pilocarpine mucus increased with the strength of the stimulus as in the 
case of the chloride of the salivary secretion. The results of two experi- 


ments are given in Table I. 
Tasze I. 


Cat No. I. Wt. 3900 g. Cat No. II. Wt. 3400 g. 
Time in 
minutes 
0 Atropine sulphate gr. Atropine sulphate gr. 
Pilocarpine nitrate ,, 
40 i 
chlo p.c. 
alkalinity 0-044 
re Pilocarpine nitrate gr. ” ” 
Mucus 1-1 , containing inor- C., COn- 
ganic chloride 0-36 p.c. and of taining inorganic chloride 0-54 p.c. 
alkalinity 0-044 NV. and of alkalinity (dimethylaminoazo- 
benzol) 0-04 WV. 
130 Mucus from fundus of stomach 
chloride 0-43 ucus from 
pyloric end of stomach I c.c., 
0-43 p.c. 
All the specimens were alkaline 


to litmus. 
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In all the above specimens albumin was absent and the protein 
described above present. The fluid extracted was not a neutral gastric 
juice, because it had the same alkalinity as mucus. 

Strong pilocarpine stimulation is, therefore, quite unable to cause 
any secretion of gastric juice whatever if the secretory nerves are already 
paralysed, but the resulting mucus secretion contains a higher percentage 
of chloride than usual. The mucus secretion, therefore, which is pro- 
duced by a moderate stimulus contains from 0-28 to 0°36 p.c. inorganic 
chloride and has an alkalinity of 0-03 N to 0-044 N. That produced by 
an excessively strong stimulus may contain from 0-43 to 0-54 p.c. inor- 
ganic chloride, but has the same alkalinity whether the stimulus be 
strong or weak. This latter form of mucus is no doubt the exception, 
but it sometimes results from a single dose of peepee when un- 
restrained by atropine as will be seen later. 


II. THE GASTRIC JUICE OBTAINED FROM THE WHOLE STOMACH. 


A good deal has been written upon the action of pilocarpine on the 
stomach, but it is unnecessary to refer to the literature on this subject, 
because much of it deals with clinical observations, and experimentally 
pilocarpine juice has not been collected by our method. Its effect is 
precisely the same as that of histamine. The preparation used was pilo- 
carpine nitrate, and we found that for our purpose the most suitable 
amount to use was gr. $, which was injected subcutaneously. The action 
of histamine is well known, and the dose employed was 0-2 mg. per kg. 
weight of animal. The gastric juice was collected every quarter of an 
hour and the total chloride, tnorganic chloride, and total acidity esti- 
mated in each specimen if the amount permitted. The total acidity 
includes the free HCl and also that combined with mucus. The methods 
used in the estimations have been already described in a former paper. 
The figures for total and inorganic chlorides are expressed throughout 
as chloride ion in grammes p.c. When the secretion had fallen below 
0-5 .¢.c. per ini period the secretory phase was considered at 


on end. 


~ (a) Volume of gastric juice. 

The animals varied considerably as to the amounts of juice they 
secreted, so that we were unable to produce definite volumes of juice 
per kg. animal weight by definite doses of the drugs. The volume curve 
obtained in this way typically forms a single wave exactly like the 
volume curve described as occurring during digestion by Pavlov. The 
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secretion begins within a few minutes after injection of the drug when 
the saliva and tears begin to flow. The curve rises with different degrees 
of steepness to the height of the peak at the end of the first half-hour, 
when it subsides usually more slowly and falls to a fraction of a c.c. 
too small to estimate in 1} to 23 hours. The largest amount of juice is 
thus secreted in the second quarter of an hour. 

This type of volume curve of secretion occurred in thirteen out of 
twenty-one aniamls. In six the secretion was maintained and did not 
begin to fall till about an hour had elapsed, and in the remaining two 


+r 


Fig. 1. Volume of gastric juice secreted under the influence of pilocarpine nitrate, 
Ordinates—volume in c.c. Abscisse—time in hours. Highest volumes @--—-@. 
Lowest volumes O---©. Average volumes of twenty-one experiments @———-@. 


no peak was visible, a continuous dribble of a fraction of a c.c. occurring 
at each time period of collection. The maximum amount secreted in a 
quarter-hour time period was 5 c.c.; fourteen secreted over 2 c:c., four 
from 1 to 2 c.c. and three below 1 c.c. The maximum total was 23-5 c.c. ; 
ten secreted over 10 c.c., and eleven below 10 c.c, The secretion of those 
animals showing the highest velocity usually lasted longest. It is neces- 
sary to compare these curves with the acidity of the samples of juice in 
order to get a clear idea as to the relation of acidity to velocity of 
secretion. Fig. 1 shows the average volume curve together with the 
highest and lowest curves obtained. 
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(b) Acidity of gastric juice. 

The appearance of the juice for about the first three-quarters of an 
hour is watery with a few flakes of mucus in it. It becomes thicker and 
mucoid in consistence, with sometimes a few brownish flakes in it, as 
the quantity per quarter-hour diminishes. Sometimes at this time it is 
darkly stained with blood pigment. The influence of 0-5 p.c. HCl in 
causing this effect has been already drawn attention to by Lim. The 
acidity and chloride content of such specimens are in no way different 
from those in which there is no pigment. The amount of mucus shows 
considerable variability in different animals: sometimes it is evident at 
the start and in all cases it increases towards the end of secretion. The 
curve of acidity is in general more like that described by Pavlov than 
the other workers, in that we have not observed any marked fall of 
acidity towards the end of secretion. The acidity of the first quarter- 
hour is always below that of the fully developed secretion, no matter 
what is the amount secreted in this time period; it attains full strength 
in half an hour or more when the volume is at its height and remains 
at full strength or shows a slight fall, but one by no means comparable 
with the low reading at the beginning, towards the end of secretion. 
Even the small amounts of thick mucoid fluid at the end show a high 
acidity, and even if the fluid is darkly stained with blood pigment there 
is the same acidity. This finding agrees with Pavlov’s statement that 
there is “an absence of the low acidity corresponding to a similar rate 

of flow at the beginning.” Such a slight fall merely affects the upper 
level of acidity, and there is no return to the initial low level, however 
small the amount of juice or thick and mucoid it may be. When small 
amounts are secreted throughout and a peak is absent, the acidity is 
still low at the beginning and after rising maintains its height as first 
described. 


(c) Acidity of initial secretion. 
_ The acidity of the initial secretion obtained during the first quarter- 
hour period in twenty-three cats is given in Table II. The average acidity 
was 0-082 N, the highest being 0-132 N and the lowest 0-039 N. In 
eleven of these twenty-three cats the amount secreted during this period 
was below 1 c.c., and the average acidity of the juice was 0-074 N: in 
the remaining twelve the amount secreted was 1 c.c. or more and the 
_ average acidity was 0-091 N. The velocity of secretion at the beginning, 
therefore, to some degree influences the acidity, which is higher when the 
amount secreted in unit time is greater, but clearly this is not the only 
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factor concerned. The percentage of total chloride is not, however, de- 
pendent upon the volume of fluid secreted, for in the eleven cases 
secreting less than | ¢.c. the percentage was 0-53 and in the twelve cases 
secreting 1 ¢.c. or more the percentage was 0-53. This partial dependence 
of acidity upon rate of secretion, whilst the total chloride is independent 
of this factor, is evidence in favour of the secretion of an excess of neutral 
chloride during the very early stage of secretion. It is quite clear that 
this is the case, for the total chloride stood at its maximum of 0-54 to 0°56 
at this period in fourteen cases, whilst the acidity was on the average 
0-091 N. That is to say, the total chloride was at the maximum height 
whilst the acidity was considerably below its maximum. Dilution and 
neutralization with mucus could not, therefore, explain the low acidity, 


because the total chloride of mucus is of a lower percentage than that 


of gastric juice. In these fourteen cats as in the total number the volume 
of fluid also influenced the acidity, for in the six cases secreting below 
1 c.c. the average acidity was 0-077 N, whilst in the eight cases secreting 
1 c.c. or more the average acidity was 0-099 N. It is thus quite certain 
that in the very early stage of secretion the gastric juice as secreted by 
the cell contains an excess of neutral chloride at the expense of the acid. 
But although the percentage of total chloride was at its highest level in 
these fourteen cases, in the remaining nine, which completed the twenty- 
three cases under consideration, the percentage of total chloride was 
lower than the maximum, that is to say from 0-43 to 0-5. The average 
acidity of these nine cats was 0-071 N; it, therefore, appears that if the 
percentage of total chloride is below the average normal the acidity is 
also lower than it otherwise should be. This can only mean dilution by 
mucus of the total chloride and both dilution and neutralization of the 
acid. If the mucus were the only cause of the low initial acidity, this 
effect should be especially marked when the secretion is poured out on 
@ mucous membrane alkaline in reaction from the beginning, and less 
in evidence when the stomach is secreting sufficiently at the time to 
render the mucous membrane acid in reaction. Either condition of 
mucous membrane may be present when one induces secretion, and it 
is thus an easy matter to assess the effects of the reaction of the mucous 
membrane upon the initial acidity of the gastric juice. When the pre- 
paration for the experiment is completed the stomach is quite clean and 
on mopping out with cotton-wool the shiny film so obtained is either 
acid or alkaline to dimethylaminoazobenzol. Thus of eighty experi- 

mental animals, the moppings showed an acid reaction in fifty-three and 
an alkaline reaction in twenty-seven, that is to say 66-25 and 33-75 p.c. 
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respectively. Of the twenty-three cats mentioned above the mucous 
membrane of seven was alkaline and of sixteen acid in reaction, per- 
centages quite comparable to the larger number. As regards the first 
series the initial acidity of the gastric juice secreted upon the alkaline 
mucous membrane was on the average 0-077 N and the total chloride - 
0-51 p.c.; in the second series the juice secreted upon the acid mucous 
membrane had a percentage acidity of 0-085 N and total chloride per- 
centage of 0-53. There is only a slightly lower acidity in the case of the 
alkaline mucous membrane than the acid. When this is correlated with 
the amounts of gastric juice secreted the interesting fact is brought out 
_ that whether the mucous membrane be alkaline or acid the smaller the 
amount of gastric juice secreted the less acid it is, but the difference is 
small: for the alkaline cats the smaller amounts of gastric juice have an 
acidity of 0-071 N and the larger of 0-085 N on the average; and for 
the acid cats the corresponding numbers are 0-074 N and 0-093 N re- 
spectively. 
It seems clear from these facts that at the beginning of secretion for 
a short period there is a variable escape of neutral chloride at the expense 
of acid, and that the effects of the mucus are more variable in accordance 
with the different amounts of this substance present in the stomach. 
Its effects are to dilute both the percentage of total chloride and the 


. Tanz II. Showing analysis of juice during first quarter-hour period. 


Total Total acidity | Inorganic 
Weight chloride chloride 


Cat (g (p.c.) (N) (p.c.) (p.c.) (c.0.) membrane 
20 2650 0-56 0-077 (0-28) 0-28 0-6 Acid 
23 3500 0-50 (0-36) 0-14 0-7 Alkaline 
26 0-56 0-074 (0-27) 0-29 1:7 Acid 
32 2750 0-54 0-099 (0-36) 0-18 2-2 
48 2700 0-57 0-182 (0-48) 0-10 4°7 
49 2600 0-43 0-107. (0:39 0-03 18 
50 2510 0-47 0-099 (0-36 0-11 2-6 
i 2370 0-50 0-077 (0-28) 0-22 0-7 Alkaline 
ii 0-50 0-069 (0-25 0-25 1-7 
iii 2220 0-039 (0-14 0-28 10 Acid 
iv 0-54 0-088 (0-32 0-21 15 Alkaline 
v 2570 0-50 0-069 0-25 0-4 
vi 3820 0-50 0-039 (0-14 0-36 0-5 . 
A 2800 0-56 0-099 (0-36) 0-20 0-8 Acid 
B 4400 0-54 0-077 (0-28 0-25 0-8 af 
F 2400 0-50 0-058" (0-21 0-29 0-7 ss 
G 2350 0-56 0-099 (0-36) 0-20 0-7 
H 2500 0-56 0-099 (0-36) 0-20 1-2 a 
I 2350 0-54 0107 (0 39) 0-15 1:3 a 
J 2400 0-56 0-077 (0-28) 0-28 0-9 ® 
K 3300 056 0-099 (0 36) 0-20 10 = 
Xm 0-099 0-20 1-0 Alkaline 
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acid, the former to a less extent than the latter owing to the chloride 
already present in the mucus. This diluting effect is seen both in the 
case of an alkaline and an acid reaction of the mucous membrane and 
is more in evidence when very small amounts of juice are secreted. The 
alkalinity of the mucus acting as a very weak neutralizer assists in 
lowering the acidity of small amounts of juice. These two factors, escape 
of neutral chloride and effects of mucus, are very variable and in different 
combinations account for the differences in the proportions of acid, 
neutral chloride and total chloride present in the experimental animals. 
The average percentage of neutral chloride present in the first quarter- 
hour period in these twenty-three animals was 0-23 (Table IT). 


(d) Acidity of fully established secretion. 

The average acidity at the height of secretion of thirteen experiments 
was 0-134 N, the total chloride 0-56, and the neutral chloride 0-07 p.c. 
As in the amounts secreted so in the percentages of these constituents, 
considerable variations occurred in different animals with the same 
stimulus. The lowest and highest figures are as follows: 


Acidity = 0-118 N (0-43 p.c.) 0-164 W (0-60 p.c.) 
Total chloride = 0-504 0-64 
Inorganic chloride = 0-036 0-14 


Fig. 2 represents the average curves of all thirteen experiments, 
showing total chloride, total acid, inorganic chloride, and volume of 
juice. These curves give accurately the average initial values; the rise 
to @ maximum, or fall in the case of inorganic chloride; the average 
values at the height of secretion; and the subsequent course of the 
curves. The final values do not necessarily represent, however, the 
average values during the final quarter-hour periods, because the secre- 
tion ends at different times in different animals. These values during 
the subsidence of secretion must now be considered. 


(e) Acidity during subsidence of secretion. 

When the acidity was fully established it showed very little tendency 

to fall as the amount of secretion diminished. It is impossible to esti- 

mate an amount less than 0-5 c.c. with any degree of accuracy, but the 

mucous membrane after this continued to give a highly acid reaction. 

In the final quarter-hour period six of the thirteen cats showed no fall 
in acidity at all, and in seven a fall occurred. | 

Table III illustrates these two types of case; cat 26 shows a fall 


4 
a 
a 
Ps 
AG 
om 
i 
bag 
0 
‘ig 
ia 
4 
‘= 


— C. BOLTON AND G. W. GOODHART. 


from 0-148 N (0-54 p.c.) to 0-118 N (0-43 p.c.); cat 19 shows no appreci- 
able fall. 


0°5 


0-1 


Fig. 2.” Gastric juice—total volume and chloride percentages. Averages of thirteen experi- 
ments. Ordinates trations as percentage chloride (left), total volume of 
gastric juice (right). Abscisse—time in hours. Volume @————@. Inorganic 
chloride O---©. Total chloride @---@. Total acid @ e. 


The average percentages in the last quarter-hour period of the six 


cases showing a fall are as follows: 7 | 
Acidity ... .... 0-118 N, lowest 0-099 N, highest 0-137 N 
Total chloride ... 0-54 » O85 » 


Inorganic chloride 0-11 » 006 » O14 


an 
>, 
By. 
thee 
. 
| 
a 
‘ 
3 0-4 
veg 
0-3 
\ 
\ 
\ 
\ 
3 
4 2 
4 
1 
; 
ig 
4 
ey 
f 
te 
reg 
‘wag 


The average fall in acidity was 0-022 N, the lowest being 0-011 N and 
the highest 0-033 N. The average rise in neutral chloride was 0-07 p.c., 
the lowest being 0-04 p.c. and the highest 0-11 p.c. At the end of the 
secretory period, therefore, the average percentage acidity was lower 
than the average normal at the height of secretion by 0-06 and the 
neutral chloride higher by 0-05: whereas at the beginning of secretion 
the average acidity was below the normal by 0-052 N and the neutral 
chloride above the normal by 0-16 p.c., that is to say when any reduction 
of acidity occurred at the end of secretion it was three times less than 
that at the beginning. In eleven cases there was no fallin the total 
chloride. In six of these there was no fall in acidity, but in five the 
acidity fell to some extent. This is evidence that there is sometimes a 
slight escape of inorganic chloride, since the total chloride is not diluted, 
but it is three times as small as the escape at the beginning of secretion. 
Dilution and neutralization with mucus will not account for the fall of 
acidity in these five cases, and so we are compelled to conclude that there 
is some escape of neutral chloride at the expense of acid in less than 
half the cases. This escape is small and not progressive and about one- 
third of that which occurs at the beginning, so that when once secretion 
has begun there is no degree of falling off in acidity such as occurs at 
the beginning, but the gastric cell secretes a highly acid juice so long ~ 
as the smallest amount of secretion escapes, and there is no evidence 
whatever that the juice becomes a diluting fluid owing to progressive 


fall in acidity. 
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Taste III, 
Total Total acidity Inorganic 4 
Weight Time Amount chloride chloride 3 
Number (p.c.) (W) (p-c.) (p.c.) 
26 2900 1-7 0-57 0-074 (0-27) 0-30 q 
3-5 0-57 0-126 (0-46) 0-11 
0-57 0-148 (0-54) 0-03 4 
1 3-9 0-57 0-148 (0-54) 0-03 
1 2-0 0-54 0-137 (0-50) 0-04 4 
1 1-1 0-57 0-126 (0-46) 0-11 J 
1 1-2 0-54 0-118 (0-43) 0-11 ‘ 
2 1-2 0-57 0-126 (0-46) 0-11 = 
0-9 0-57 0-118 (0-43) 0-14 1 
2 0-8 0-57 0-118 (0°43) 0-14 q 
19 3750 + 1-2 0-46 0-079 (0-28) 0-18 q 
4-0 0-52 0-113 (0-41) 0-10 4 
i 3-0 0-54 0-121 (0-44) 0-08 4 
1 2-0 0-54 0-121 (0-44) 0-08 ‘ 
1-5 0-50 0-118 (0-43) 0-07 
1 0-9 0-47 0-107 (0-39) 0-08 4 
l 0-9 0-50 0-107 (0-39) 0-10 q 
2 0-7 0-54 0-118 (0-43) 0-10 ; 
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In two cases the total chloride percentage fell owing to dilu- 
tion with mucus, and the acidity fell also. When any substantial re- 
duction in the acidity of the secretion occurs, there is at the same time 
@ fall in the total chloride content, showing that the juice has been 
diluted by a fluid of less chloride concentration than itself, that is to 
say mucus; and that the secretion has not been converted from an acid 
into a neutral solution. Table IV illustrates this point: 


Taste IV. Cat X. Wt. 3400g. Pilocarpine nitrate gr. }. 


Total acidi Inorganic 

Time Amount Total chloride — A chloride 
(hr.) (p.c.) (p.c.) (p.c.) 
0-7 0-56 0-039 (0°14) 0-43 
1-2 0-56 0-088 (0-32) 0-25 
0°56 0-088 (0-32) 0-25 
1} 1-0 0-56 0-099 (0:36) 0-21 
2 15 0-54 0-088 (0-32 0-21 
23 1-1 0-46 0-058 (0-21 0-25 


The following five experiments (Table V) were performed with the 
view of confirming the percentages of neutral chloride already given. 
In these cases the whole of the fluid was used to estimate the inorganic 
chloride by the method of fusion. The average percentages during the 
first and last quarter-hour periods are 0-22 and 0-1 respectively, and thus 
they agree with those given by the thirteen above experiments. The rise 
to 0-28 in Exp. 28 is a very unusual occurrence, as it is the only example 
of this figure we have observed. _ 


III. THE AFTER-SECRETION OF GASTRIC JUICE. 

When the wave of secretion induced by pilocarpine or histamine is 
finished, a sufficient amount: of fluid for analysis cannot be extracted 
during the next quarter-hour period. A slow after-secretion of gastric 
juice, however, continues for several hours in both cases. During this 
phase sufficient secretion for analysis may be collected at intervals of 
an hour or longer. Such small amounts of fluid are always strongly acid 
however minute in quantity and really may amount to nothing more 
than acid mucus clinging to the wall of the stomach. This state of affairs 
is comparable to that noted as occurring in the fasting stomach of the 
cat, the mucous membrane of which we have recorded as being acid in 
reaction in some 66 p.c. of cases. It is quite clear from this phenomenon 
alone that there is no justification for the statement that after the height 
of secretion has been passed the gastric juice becomes a neutral fluid, 
whose purpose it is to dilute the gastric contents and reduce their acidity 
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transformed. The gastric juice of the after-secretion period, therefore, has 
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Taszz V. Neutral chloride only. Pilocarpine nitrate (gr. } given in each experiment). 
| Inorganic 
No, (g-) (hr.) (p.c.) 
28 1950 1:8 0-36 
2-3 0-18 
2-1 0-12 
1 18 0-14 
1 1-7 0-14 
1 1-2 0-22 
1 0-9 0-28 
2 0-9 0-28 
24 0-8 O21 
29 2720 1-0 0-14 
3-5 0-07 
3-2 0-03 
1 0-03 
1 2-0 0-03 
1 1-1 0-03 
1 0-7 0-07 
| 0-7 0-07 
24 0-9 0-10 
30 2300 0-8 0-14 
1-4 0-14 
1-5 0-14 
1 1-6 0-10 
] 2-4 0-05 
if 1-0 0-03 
32 2750 2-2 0-18 
43 0-07 
3-0 0-01 
1 2-2 0-03 
1} 1-7 0-03 
1 1-2 0-03 
1-5 0-03 
2 0-7 0-07 
33 2560 0-6 0-28 
10 0-20 
0-7 0-10 
1 0-7 0-07 
1 0-6 0-18 
1 0-7 0-07 


to zero. It is quite clear, however, that the flow of gastric juice does 
stop in the strictly normal state of affairs and the mucous membrane 
becomes alkaline, as we have found in some 33 p.c. of fasting stomachs. 
It is impossible under the conditions of our experiments to continue the 
observations long enough to observe with any degree of certainty this 
subsidence into alkalinity. It is, however, a comparatively easy matter 
to bring the secretion to a rapid end, when the final secretion can be 


shown to be a mucoid fluid of a considerable degree of alkalinity and 


having a lower chloride content than the gastric secretion, and therefore 
not a neutral chloride solution into which the gastric juice has been 
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an acidity very little reduced though secreted in such small amount, 
and is diluted and neutralized by the gastric mucus which eventually 
replaces it. The method we have adopted is to antagonize the pilocarpine 
at the height of its secretion by atropine, which brings the flow of gastric 
juice to an end without affecting the secretion of mucus to any great 
extent. Three preliminary experiments (Table VI) demonstrated at once 
a sharp fall in volume of secretion and coincident with this a fall in the 
total chloride content of the juice. : 


Tastes VI. 


Total 
Time Amount chloride 
No. ( (hr.) (0.c.) (p.c.) 
1-0 0-36 
49 2600 Pilocarpine nitrate ,, 1:8 0-43 
Atro 3-2 0-55 
50 2570 Pilocarpine nitrate _,, 2:5 0-47 
” 45 0-49 
3 1 0-5 0-36 


The juice of an average chloride percentage of 0-56 becomes diluted 
and neutralized by an alkaline fluid of an average alkalinity 0-077 to 
0-099 NV. The dilution of the total chloride is less marked than that of 
the acid, since the mucus by its alkalinity neutralizes as well as dilutes 
the acid. The total chloride curve, therefore, falls to a moderate degree 
only, but the acid curve eventually reaches the zero line and alkalinity 


develops. When the zero line is reached by the acid curve the fluid is. 


chiefly mucus, but contains a little gastric juice whose acid is completely 
neutralized. The mucus finally becomes pure with the alkalinity above 
mentioned and a chloride percentage of 0-28 to 0-36, or perhaps even 
as high as 0-4 to 0-5 if the mucous glands have been excessively stimu- 
lated. 

It is all the more probable that a high chloride content of mucus in 
these experiments is due to excessive response to pilocarpine stimulation, 
since accompanying it are high acid values and considerable volumes of 
fluid, themselves indicative of such excessive response. ._In these cases 
the pilocarpine is unrestrained by atropine, which is simply used to end 
the secretion of gastric juice. It is a different matter when atropine is 
injected before the pilocarpine. We cannot obtain more accurate per- 
centages than those given, for we are dealing with very small quantities 
for analysis; the volumes of the two fluids are unknown and neither is 
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their composition constant. We can, however, make the following general 


statements. When the gastric secretion comes to an end it is diluted 


and neutralized by the gastric mucus which finally replaces it. This is 
_ shown by: 


1. A fall in the total chloride percentage of the juice to the level of 
that of mucus. 


2. A fall in the acid to zero and then the appearance of alkalinity. 
_ Fig. 3 shows the curves of total and inorganic chloride from five of 


_ these experiments. The acid curves are left out for simplicity. In each 


case the total chloride curve falls less steeply than the acid curve. When 
the acid curve reaches the zero line and alkalinity develops the inorganic 
curve has risen and coincides with the total chloride curve. The fluid is 
now pure mucus. 


SUMMARY AND CONCLUSIONS, 


1. The average acidity of normal gastric juice at the height of secre- 
tion from the whole stomach is 0-134 N (0-49 p.c.) and the inorganic 
chloride 0-07 p.c. These figures, however, vary to some degree in different 
animals even with the same stimulus, but the total chloride percentage 
is almost constant. 

2. In all animals as the secretion is beginning its acidity is on the 
average 0-082 N (0:3 p.c.), that is to say below the normal average by 
0-052 N (0-19 p.c.) for the first few minutes, and correspondingly the 
neutral chloride is in excess of the average by the same amount. 

3. This low acidity is in some measure due to escape of neutral 
chloride at the expense of the acid, for the reasons given above. 

4. When fully established after this initial phase the acidity remains 
constant, showing a slight fall in about half the experimental animals, 
when the secretion is stopping. 

5. This final fall in acidity, when it occurs, is insignificant and only 
about a third of that which is invariably present in the initial phase. 
There is a corresponding small rise in the neutral chloride, owing to 
escape of this substance at the expense of the acid. 

6. It is, therefore, only in the higher reaches of acidity that any 
variation is observable, and then only when small amounts of juice are 
being secreted. So long as a few drops are secreted the acidity is high 
and the juice is not transformed into a neutral diluting fluid, such as 
could lower the acidity of the gastric contents. 

7. The stomach has no power of regulating the acidity of the gastric 
juice either by its final transformation into a neutral eohuteon, or by the 
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addition of pyloric juice, which appears to play no greater part in this 
respect than the mucous secretion of the body of the stomach. 


| 
< <2 
i 
0-50 
0°40 


0-30 


0-20 


0-1 


Abscisse—time in hours. Total chloride @. Inorganic chloride ©. Alkaline 


8. When any substantial reduction in acidity of the gastric juice 
occurs, the percentage of total chloride falls showing neutralization and 
dilution by mucus, and not replacement of acid by neutral chloride. 
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9. Action of mucus. | 

(a) Mucus is secreted in varying amounts during the flow of gastric 
juice and is most in evidence at the end of the flow. It is alkaline in 
reaction to about 0-039 N (0-14 p.c.), and contains 0-28 to 0-36 p.c. 
inorganic chloride and with strong stimulation up to 0°5 p.c. 

(6) The mucus can produce an effect upon only very small quan- 
tities of gastric juice, such as occur at the beginning and end of secretion, 
but there is no great reduction in acidity at the end until the flow of 
juice has actually stopped when the acidity drops to zero and alkalinity 

develops. 

(c) The mucus both dilutes and neutralizes the acid of the juice, 
but only dilutes the total chloride, and this to a less extent than it does 
the acid because mucus already contains inorganic chloride. 

10. The unaided stomach has no means of lowering the acidity of 
the gastric juice secreted into it unless the volume of the latter has 
diminished to a minute quantity at the end of secretion, and even then 
there is no great reduction until the secretion has actually stopped. This 
effect is due to the alkaline mucus secreted by the stomach. 

11. The gastric secretion continued with undiminished acidity al- 
though it was allowed to accumulate in the stomach, thus disproving 
the hypothesis that the presence of a certain concentration of acid in 
the stomach inhibits the further secretion of acid. 
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OBSERVATIONS ON THE ASSAY OF THE COMB. | 
GROWTH PROMOTING HORMONE. 


By J. 8. 8. BLYTH, E. C. DODDS ann E. J. GALLIMORE. 


(From the Institute of Animal Genetics, the University of Edinburgh, and 
the Courtauld Institute of Biochemistry, Middlesex Hospital, London.) 


CHEMICAL studies on the hormone isolated from testes and male urine are 
based, to a large extent, upon its assay by biological means. Since the 
use of the growth of the comb of the capon as an indicator for this hor- 
mone by McGee, Juhn and Domm [1928], various workers have 
employed this reaction for quantitative work. 

Thus Funk and Harrow [1930] calculated their results on the per- 
centage increase in comb growth in five days, using for each experiment 
four capons. Gallagher and Koch [1929] used as a routine assay the 
injection of the extract once daily for five days. Comb measurements 
were taken on the first, third and sixth days, and results were inter- 
preted on the basis of the preliminary standardization of the extract 
studied. They remark that, “It must be emphasized that proper inter- 
pretations can be made only if a minimal dose be determined and all 
subsequent studies based on this minimal dose.” 

In a later paper from the same laboratory, a bird unit is defined as 
the amount of the hormone which when injected daily for five days 
yields an average of 5 mm. increase in length and height of the combs of 
at least five brown Leghorn capons [Juhn, D’Amour and Womack, 
1930]. 

An interesting observation made by this group of workers is the effect 
of light on the comb growth response of oapene [Womack, Koch, 
Domm and Juhn, 1931]. 

Freud, de Jongh, Laquer and Munch [1930] also adopted the 
American proposal of the minimal dose. In a more recent communication 
of Fremery, Freud and Laquer [1930], a photographic method for 
the measurement of comb area is described. 

The difficulties already encountered in the cases of other iceme, 
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such as cestrin and insulin, indicate the necessity for caution in attempt- 
ing @ direct comparison between the amount of material injected and the 


_extent of comb growth using only a few’animals. 


From our own previous observations it was thought desirable to in- 
vestigate the two more salient points, namely whether there is any 
quantitative relationship between the amount of material injected and 
the comb growth produced, and whether the same animal always re- 
sponds in a similar manner to the same stimulus. 

Accordingly, a group of birds were injected with a quantity of extract 
which had been found to be stable, and their comb measurements taken; 
they were then injected with double the quantity to see the relationship 
between the quantity injected and the growth produced. 

When the combs had partially regressed, a further series of injections 
were made. 

To obviate the difficulties associated with water-soluble material, 
such as its rapid adsorption, oily material was used. This method would 
also be expected to approach more nearly to the natural process. The 


amount of oil injected per dose was kept small to ensure complete 


adsorption between measurements. That this was the case can be seen 
by the measurements taken when the injections ceased. 


EXPERIMENTAL. 


The nineteen capons used in these experiments were from a brown 


Leghorn stock hatched in the Department of Animal Genetics in the 
_ spring of 1929. They were castrated at ages varying from three to seventy- 
eight days; comb measurements were made at fortnightly intervals 


throughout their life, and only those in which the comb had remained 
stable for several weeks after maturity were used for biological assays. 

Jt will be seen that in more than half the birds the comb was somewhat 
larger than that previously defined [Dodds, Greenwood and Galli- 
more, 1930; Dodds, Greenwood, Allan and Gallimore, 1930] as 
being the maximum size which one could reasonably expect to obtain in 
the complete absence of testis. All of them, however, had been utilized 
during the past year for the quantitative testing of extracts from urine 
or testes, and in several cases sufficient extract was employed to cause a 
considerable amount of comb growth. Following the cessation of such 
injections, the comb regressed, but did not quite return to its original 
size (even after several months had elapsed). Thus it happens that al- 
though all the birds originally conformed to the standard set, a number 
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now exhibited a comb of more than 5 cm. in length, but this was not con- 
sidered sufficient to warrant their elimination from the experimental 
stock, since there was no reason to believe that the increased comb size 
was due to the presence or the development of testis fragments. 

Each capon received once daily for ten days an injection into the © 
breast muscles of 0-3 c.c. of an active preparation from male urine. At the 
end of this period the dose was doubled and the daily injections continued 
for another ten-day period. The combs were measured on the day of in- 
jections and on every second day thereafter until seven days after ad- 
ministration of the last dose. No attempt was made to inject the birds 
in the same order each day, but during the latter half of the experiment 


a note was made of the order in which they were treated. This threw no 


light on the variation in the rate of the comb growth and, therefore, need 
not be considered further. 
Three days after the last injection the combs were practically sta- 


tionary, and by five days all but one had started to regress. Six weeks 


later another series of injections was commenced using material prepared 
similarly (see — p. 138). 


Discussion. 


A consideration of the comb measurements obtained during the 
experimental period shows a large variation in the extent to which various 
birds reacted towards equal doses of extract. At the end of ten injections, 
one bird (No. 333) showed an increase in comb size of only 2 mm. in 
length and 1 mm: in height, while another (No. 695) with a considerably 
smaller initial comb size showed an increase of 8mm. and 6 mm. 
respectively, 

_ Tt also shows that the extent to which individual birds react to in- 
creased doses of extract is variable; when, however, the average comb 
increase for the two ten-day periods is compared a ratio is obtained 
approximating closely to 1:2. This holds whether the comb increase is 
expressed as percentage increase in comb area (L x H), increase in length 
(Z), or simply in terms of length and height, (LH) as used by Gallagher. 

That the accuracy of the result is not real but fortuitous is seen if the 
ratios obtained at previous points in the experiment are examined. 
Comparison of the average initial increases after two doses yields a ratio 
of almost 1:6, while each succeeding pair of increments gives a diminished 
ratio until in the end the ratio of 1:2 is reached. 

Finally, although it seems that the variations here are much less 
marked, it is seen that no constant reaction by the individual animal can 
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be assumed; thus one animal (No. 439), which gave a large percentage 
comb increase with the first series of injections, gave a medium percentage 
comb increase with the second series of injections. 

In view of these facts, it is obvious that no reasonably accurate 
estimate of the activity of a sample can be made by observing the in- 
crease in comb area on a small number of animals, but if it were possible 
to prepare a stable standard and to compare this standard and the 
unknown on the same animals, a satisfactory method of standardization 
would perhaps be obtained, provided a sufficient number of animals were 
used. 

SuMMARY. 
1, The difference of sensitivity between different birds as well as the 
difference between the same bird on different occasions is demonstrated. 

2. These variations appear to have no connection either with initial 
comb size or with body weight. 

8. When multiples of a given dose are injected, the ratio of the 
different comb growths produced is dependent on the total time over 
which the injections are spread. 

4. For a satisfactory assay of the hormone a statistical method must 
be used employing a large number of animals. 
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. THE SYMPATHETIC INNERVATION OF THE 
STOMACH. 


‘III, The interaction of the vagus and sympathetic nerves. 
By B. A. McSWINEY anp J. M. ROBSON. 


(Department of Physiclovy, University of Leeds.) - 


In previous papers by McSwiney and Robson [19294 and 6; 1931], 
preparations of isolated strips of smooth muscle of the stomach and 
small intestine innervated by vagus and sympathetic nerves have been 
described. It was shown that the reaction of gastric muscle to stimu- 
lation of periarterial nerves depended on the type of stimulation em- 
ployed. Stimulation of the nerves with a faradic current for short 
intervals or with frequencies of one to twelve break induction shocks per 
second usually caused contraction of the muscle: with twenty to fifty 
shocks per second relaxation was usually obtained. Evidence was put 
forward to show that the motor and inhibitor responses were due to 
stimulation of fibres conveyed in the periarterial sympathetic network. 

Brown, McSwiney and Wadge [1930] have also demonstrated 
that contraction and relaxation of the stomach may be obtained in the 
spinal and decerebrate animal on stimulation of the thoracic sympathetic 
trunk. The effects on the stomach depended on the type of stimulation 
employed. Stimulation at a frequency of,one per second caused con- 
traction, while stimulation with a tetanizing current brought arent 
relaxation, 

Batelli [1896] and wee [1892] have made qualitative chactvations 
on the relations between vagus and sympathetic stimulation in the intact 
stomach. They found that simultaneous stimulation of both vagus and 
splanchnic nerves reduced the effects of exciting the vagus. Oser 
observed that the vagus action first appeared. If, however, in place of 
simultaneous stimulation the splanchnics were stimulated so that in- 
hibition was predominant, then a vagus effect was difficult to obtain. 
McCrea and McSwiney [1928] also noted that vagus responses are 
much diminished after splanchnic stimulation. —_ 

This paper deals with the effects of stimulation of the vagus and 
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periarterial nerves supplying isolated smooth muscle preparations, and 

demonstrates first the sympathetic response during vagus stimulation, 

and, secondly, the inhibitory action of the sympathetic on the vagus 

response. | 
METHOD. 

The terve muscle preparation was dissected from the cat, as pre- 

viously described [McSwiney and Robson, 1931]. The preparation 
was placed in a bath of Ringer-Locke solution maintained at 37° C., 
bubbling and hydrogen-ion concentration being kept constant. 
_ Records were made on smoked paper. A Lewis contact breaker and 
induction coil were used, and the rate of stimulation varied from one 
break shock in 2 seconds to fifty make and break shocks per second. 
The duration of the stimulus was regulated by an oil dash pot. The 
optimum intensity of stimulation was determined for each preparation 
at the commencement of the experiment. 


EXPERIMENTAL RESULTS. 


Preliminary experiments were undertaken to investigate the aftoct of 
sympathetic stimulation during a period of vagus excitation. It was 
found that, under certain conditions, reversal of the sympathetic re- 
sponse was recorded. This effect is demonstrated in the following 
experiment. Stimulation of the periarterial nerves, using a frequency of 
twelve break shocks per second, caused contraction. The vagus nerve 
was then stimulated to produce a sustained contraction. During the 
course of the sustained contraction, the periarterial nerves were stimu- 
lated, using the same frequency of stimuli as before. Under these con- 
ditions, reversal of the response was observed, as instead of the muscle 
contracting, marked relaxation occurred (Fig. 1). It is interesting to note 
the similarity between these results and the effects previously recorded 
by Brown and McSwiney [1926] and McSwiney and Brown eer 
with adrenaline. 

It has previously been suggested that the inhibitor response Lisiinda 
on the tone of the muscle, but the relaxation obtained on stimulation 
of the periarterial nerves, which is demonstrated in Fig. 1, does not 
appear to be dependent on the length of the muscle. Stimulation of the 
periarterial nerves was first observed to cause a contraction. The vagus 
nerve was then stimulated to produce a sustained contraction. As 
excitation of the vagus was continued, the contraction gradually 
decreased through apparent fatigue, and the muscle relaxed to its 
_ original length. After the lever had reached a steady base line the 
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A B 


Fig. 1. Cat fundus, A, stimulation of periarterial nerves twelve shocks per sec. BE, 
faradic stimulation of vagus nerve. CD, stimulation of periarterial nerves twelve 
shocks per sec. FG, same as CD. Time intervals =10 secs. 


B BCD 
Fig. 2. Fig. 3. 
Fig. 2. Cat fundus. A, faradic stimulation of periarterial nerves. BE, stimulation of 
vagus nerves four shocks per sec. CD, faradic stimulation of periarterial nerves. 
Time intervals = 10 secs.. 


Fig. 3. Cat fundus, AC, faradic stimulation of periarterial nerves. BD, stimulation of 
vague nerves four shocks per sec. Time intervals =10 secs. 
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periarterial nerves were stimulated, and relaxation was recorded: on 


cessation of -periarterial nerve stimulation, the muscle again contracted 


(Fig. 2). 

It would therefore appear that vagus stimulation may influence the 
response of the muscle to excitation of the periarterial nerves. This 
suggestion is confirmed in the following experiment, where the effect is 
strikingly shown. The periarterial nerves were stimulated using induction 
shocks too few in number to cause a contraction. (The frequency of 
stimuli used varied in different experiments: in fact with some pre- 
parations faradic stimulation was used.) On repeating the stimulation 
during the contraction following vagus stimulation, the periarterial 
stimulus became effective, and relaxation followed. 

Experiments were then made to demonstrate the effect of stimulation 
of the periarterial nerves on the response of the musclé to vagus stimu- 
lation, and it was possible to show that excitation of the periarterial 


nerves inhibited the normal vagus response. The periarterial nerves were 


_ first stimulated. During periarterial stimulation the vagus nerve was 
also stimulated, and the muscle contracted. After a period of simultaneous 
stimulation the. periarterial stimulation was cut off, vagus stimulation 
alone being maintained. On cessation of the periarterial stimulation an 
inhibitory effect was removed, as a further contraction of the muscle 
was recorded (Fig. 3). 

In view of these findings, it was decided to determine quantitatively 
the effect of a short period of periarterial nerve stimulation on the 
response of the muscle to single break shocks applied to the vagus nerve. 
It has been previously shown that when the periarterial nerves are 
stimulated with a faradic current for short intervals (0-1 to several 
seconds), a contraction of the muscle ensues after a latent period of some 
5 to 6 seconds. A single break induction shock applied to the vagus 
nerve supplying the same strip of muscle produces a contraction with 
a latent period of approximately 0-7 second. When the periarterial and 
vagus nerves were stimulated simultaneously, the break shock applied 
to the vagus falling at the end of the short period of faradic stimulation 
of the periarterial nerves, the vagus response was greatly decreased or 
totally inhibited. If the: muscle responded to vagus stimulation, con- 
traction was recorded after the usual period of 0-7 second. The. muscle 
then relaxed, and contraction was again recorded after a latent period 
of some 5 seconds, the latent period of the sympathetic response (Fig. 4). 

Attention was then directed to the investigation of the duration of 
the inhibitory effect produced by stimulation of the periarterial nerves. 
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constant frequency of stimuli, and the vagus nerve was excited with a 
single break shock in a series of experiments before, during, and after 
the period of periarterial stimulation. By recording the response of the 
muscle to vagus excitation it has been possible to.estimate the duration 
of the inhibitory period. The results are expressed diagrammatically 1 in 
Fig. 5. The abscissa represents the time, and the ordinate the height of 
the vagus response expressed as a percentage of the contraction obtained 


in the absence of any sympathetic effect. During the period of peri- 
arterial nerve stimulation the response to excitation of the vagus 


Fig. 4. Cat fundus. A, faradic stimulation of periarterial nerves for periods of 0-5 sec. 
B, stimulation of vagus nerve with single break shock. C, simultaneous stimulation 
of periarterial and vagus nerves.. Upper signal marker displaced to left in A and C. 
Time intervals =1 sec. 


gradually decreased to a minimum. For a period following stimulation 
of the periarterial nerves the vagus response remained small or was — 
absent. The inhibitory effect then decreased, and the contraction of the 
muscle gradually returned to its normal height. 

_ These results demonstrate the average findings, but variations have 
been observed. In some experiments stimulation of the periarterial 
nerves at the rate of forty-five break induction shocks per second for a 
period of 0-2 second was sufficient to inhibit the vagus response for 
several seconds, while in other experiments stimulation at the same rate 
for several seconds did not completely inhibit the vagus response. It is 
of interest to note that if a single break shock applied to the vagus nerve 
at the end of a period of stimulation of the periarterial nerves was 
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ineffective, several stimuli in quick succession elicited a response. In the 
majority of experiments the vagus response regains its normal height 
within some 6 seconds after cessation of stimulation of the periarterial 
nerves. A vagus response may then summate with the contraction 
following stimulation of the periarterial nerves, producing a contraction 
greater than that caused by the stimulation of either nerve. In some 
experiments “the inhibitory effect is more prolonged, and complete 
inhibition of the vagus response has been observed 14 seconds after 
cessation of a period of periarterial nerve stimulation lasting for 
2 seconds. iat | 


Stimulation of periarterial nerves 
Ls i 


i i 1 i i i. 


Fig. 5. 


To obtain further information of the nature of the action, the effects 
of variation in the duration and frequency of stimulation of the peri- 
arterial nerves were investigated. The inhibitor effect on the vagus 
response of periarterial stimulation was found to increase as the frequency 
of stimulation increased. In one experiment, for example, the peri- 
arterial nerves were stimulated at the rate of one break shock a second: 
a single shock applied to the vagus at the end of the period of stimulation 
produced a response equivalent in height to some 60 p.c. of the normal 
‘Vagus response. On increasing the rate of stimulation of the periarterial 
nerves to two break shocks a second, the vagus response was only 13 p.c. 
of the normal contraction, while, finally, with three break shocks a 
second, a single vagus excitation failed to elicit a response. Po3 


4 
A 
> 
% 
3 
x 
. 
é 
¥ 
f 
‘ 
> 
| 
3 
e 
7 
4 
“4 
h 
t 
‘ 
“ 
4 


STOMACH INNERVATION. 147 


In another series of experiments the frequency of stimulation of the 
periarterial nerves ‘was maintained constant, but the duration of stimu- 
lation was varied. The degree of inhibition of the vagus response increased 
i as the duration of stimulation of the periarterial nerves was prolonged. 

ly On stimulation of the periarterial nerves at a rate of forty-five break 
shocks per second for a period of 0-34 second, the vagus response to a 
single break shock was only 58 p.c. of the normal response. With a 
period of stimulation of 0-47 second, the vagus response was decreased 
to 30 p.c., and finally after a period of 2 seconds a single break shock 
applied to the vagus nerve failed to elicit any response. 
La bs The increase in frequency and duration of periarterial nerve stimu- 

: lation not only decreased the height of the vagus contraction, but also 


4 increased the period of effective inhibition. This effect is illustrated in 
ae the following experiment. The periarterial nerves'were stimulated at the 
i rate of six break shocks for a period of 2 seconds, and 4 seconds after 
cessation of the stimulation a single break shock produced a contraction 
60 p.c. of the normal vagus response. On increasing the rate of stimu- 
lation of the periarterial nerves to forty-five shocks per second for 2 
seconds, a single break shock applied 4 seconds later failed to elicit any 
response. 

It would therefore appear that the sympathetic inhibitory pheno- 
menon may be prolonged and increased in effectiveness as the number 
of stimuli per unit of time or total number of stimuli are increased. It 
must be concluded that the inhibitory effects may be summated. 


Discussion. 


Experiments have been described in this paper which demonstrate 
that the contraction of smooth muscle following stimulation of the peri- 
arterial nerves may be reversed by stimulation of the vagus nerves. The 
reversal phenomena may be shown in three ways: 

(a) Stimulation of periarterial nerves during the contraction pro- 
duced by tetanization of the vagus nerve. 

(6) Stimulation of periarterial nerves during vagus stimulation when 
the lever has returned to the previous base line through apparent fatigue 
of the muscle to vagus stimulation. 

(c) Stimulation of the periarterial nerves which under ordinary 
conditions has no effect on the muscle may during vagus stimulation 
produce relaxation. 

The time intervals in these experiments rule out the possibility of 
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interference phenomena of the Wedensky type. The length of the 
muscle does not appear to be of importance, as reversal may be obtained 
with the muscle at its resting length, as evidenced by the observations 
quoted under (b) and (c). It may be suggested that one set of muscle 
fibres are responsible for contraction and others for relaxation, and as 
no observations have been made on this point it is impossible to express 
any definite opinion. 

_ The recent paper of Kuré, Ichiko and Ishikawa [1931] is of 
interest. These observers point out that the vagus supply to the stomach 
includes, besides. parasympathetic fibres, a great number of sympathetic 
fibres. The greater splanchnic also contains besides the well-known 
inhibitory fibres many “spinal parasympathetic” excitatory fibres 
coming from the dorsal roots of the thoracic segments. The presence of 
two sets of fibres in the vagus nerve was previously accepted, but the 
existence of dorsal root fibres in the sympathetic distribution was not 
recognized and may clarify the problem. These authors suggest that the 
“spinal parasympathetic” fibres exercise an excitatory action on the 
stomach and intestine. The contraction recorded by Brown, McSwiney 
and Wadge [1930] and McSwiney and Robson [1931] may be due — 
to stimulation of the so-called spinal parasympathetic fibres, and the 
effects produced by varying the strength and frequency of the stimulus 
could be explained on this hypothesis. Full discussion of the meaning . 
of the results obtained by Kuré, Ichiko and Ishikawa must be left 
for the present, though indeed definite differences between the con- | 
tractions obtained on stimulation of the vagus and periarterial nerves | 
are described in this paper. 

The interactions between the vagus and sympathetic nerves which 

are described in this paper can best be accounted for on the assumption 

of chemical changes occurring in the periphery. The experiments, in 

which the effect of stimulation of the periarterial nerves for a short 
period on the response to a constant vagus excitation has been deter- 
mined, lend further support to this latter hypothesis. It has been shown 

that during the period of stimulation of the periarterial nerves, the vagus 
response gradually decreases. It remains at a minimum for a definite 

period and then slowly returns to its normal value. As a rule a full 

vagus response is again obtained after 4 to 6 seconds; but in some ¥ 
experiments it was delayed for a longer period, and in one experiment a 
the full inhibitory effect of stimulation of the periarterial nerves was 
actually maintained for 14 seconds. These findings further emphasize | 
the inadequacy of an explanation based purely on the assumption that > 
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of nerve impulses. 


On the assumption that some chemical substance (or substances) is 
built up at the periphery as a result of the stimulation of the nerves, it 
appears likely that the concentration of this substance, and hence the 
effectiveness of its action, could be increased by increasing the frequency 
or duration of stimulation. The experimental results are indeed in ac- 
cordance with this conclusion. As criteria of the effectiveness of the 
inhibitory phenomenon, we have used (1) the reduction in height of the 
vagus response obtained at the end of the period of periarterial nerve 
stimulation, and (2) the period of time following the cessation of peri- 
arterial nerve stimulation during which the inhibition of the vagus 
response remains effective. If it be assumed that there takes place, 
during the period of stimulation of the periarterial nerves, the production 
of a definite concentration of some chemical substance at the periphery, 
then a more effective stimulation would result in an increase in the con- 
centration of this substance at the end of the period of stimulation. This 
would result (1) in a more marked inhibition at the end of the period, 
and (2) in the maintenance of a concentration of the substance above a 
minimal level for a longer period. The experiments demonstrate these 
effects, as increase in the frequency or duration of stimulation of the 
periarterial nerves increases the effectiveness and duration of the 


_ It therefore appears possible that each excitation may result in the 
formation of a definite amount of some chemical substance. Repeated 
stimulation would then result in a gradually increasing concentration, 
and the concentration caused by a period of stimulation would vary 
with the rate of stimulation and the period during which it was applied. 

Summation phenomena may also be demonstrated on stimulation of 
the vagus iferve, for when a definite type of sympathetic stimulation has 
caused a complete inhibition of the response to a single break shock, the 
application of several rapid stimuli to the vagus is able to bring about 
contraction of the muscle. This is in agreement with previous experiments 
[McSwiney and Robson, 19296], which showed that stimuli descending 
the vagus nerve may be summated at the periphery. 

Dale and Gaddum [1930] review the literature and support the 
view that the vaso-dilator effects of parasympathetic nerves and the 
contracture of denervated muscle accompanying these actions are due 
to the peripheral liberation of acetyl choline. Finkleman [1930] 
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peripherally an inhibitory substance. Our results are in harmony with 
those of other observers and suggest a chemical theory, but we are 
unable at this stage to advance any evidence of specific chemical sub- — 


stances. 
SuMMARY. 


Preparations of smooth muscle obtained from the fundus of the 
stomach with a dual innervation of vagus and sympathetic nerves have 
been made. Experiments are described which demonstrate that the 
response of smooth muscle to stimulation of the periarterial nerves may 
be reversed by stimulation of the vagus nerves. Inhibition of the vagus 
response produced by stimulation of the periarterial nerves has also been 
demonstrated. The duration and factors regulating the inhibitory effect 
have been investigated. Evidence is advanced to show that the type of 
response resulting from nerve stimulation is determined by the kiberation 


of chemical substances in the periphery. 


The expenses of this research have been defrayed in part by a grant from the Govern- 


ment Grant Committee of the Royal Society. 
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+\ THE CONTROL OF THE GLOMERULAR PRESSURE 
|. BY VASCULAR CHANGES WITHIN THE ISOLATED 
Th. MAMMALIAN KIDNEY, DEMONSTRATED BY 


THE ACTIONS OF ADRENALINE. 
By F. R. WINTON (Beit Memorial Research Fellow). 


| (Department of Pharmacology, University College, London.) 


INTRODUCTION. 


THERE are two ways in which the glomerular pressure of the kidney may 
be affected, (1) by variation of the blood-pressure external to the kidney 
in the renal artery or vein, and (2) by an internal redistribution of the 
resistance to the blood flow through the kidney, as between the vasa 
afferentia and efferentia. 

The second of these possibilities was first recognized by Ludwig 
: - [1856] and clearly enunciated by Starling [1912] in the following terms: 
: “A dilatation of the afferent vessels and a slight constriction of the 


| efferent vessels would cause a considerable rise of pressure in the glom- 


erular capillaries, and a consequent increased transudation, without 
necessarily altering to any marked extent the total circulation of blood 
through the whole organ. The changes in the afferent and efferent vessels 
are, however, beyond our control or powers of observation, so that it is 
impossible to devise at the present time any crucial experiment which 
might decide the nature of the process occurring in the glomeruli.” 
That small doses of adrenaline act on this mechanism was suggested 

by the observations of Richards and Plant [1922] which showed that 
when a rabbit’s kidney was perfused with blood by a pump which main- 
tained the rate of flow constant and independent of vaso-constrictor or 
dilator changes in the organ, adrenaline induced a rise of pressure in 
_ the renal artery (vaso-constriction), diuresis, and increase in kidney 
volume. They attributed the diuresis and kidney swelling to an increase 
in the glomerular pressure due to constriction of the vas efferens. It 
has been objected to their interpretation, wrongly as I hope to show, 
that the diuresis may have resulted entirely from the associated increase 
of arterial pressure, and that the significance of kidney swelling is 
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ambiguous. Although these authors put forward the hypothesis that 
adrenaline acts differentially on the vas afferens and vas efferens some- 
what tentatively, their experiments provide the best evidence of the 
existence of an internal control of the glomerular pressure which has 
been available. 

An increase of shseralar: pressure due to adrenaline should be accom- 
panied by diuresis even if the pressure in the renal artery remains 
unchanged. The following experiments were designed to discover whether 
such a diuretic response occurred, and if so, to analyse the vascular 
changes in the kidney to which it might be attributed, with a view to 
measuring the magnitude of of the 
pressure in the kidney.- — 


THE DIURETIC AND VASO-CONSTRICTOR RESPONSES TO ADRENALINE. 


_ In experiments performed on the isolated kidney of the dog perfused 
with defibrinated blood from a heart-lung circulation [Starling and 
Verney, 1925], there is no difficulty in controlling the arterial pressure, 
so that it is unaffected by the action of adrenaline on the heart ant 
kidney ; ; this preparation was therefore employed. | 

At constant arterial pressure, concentrations of adrenaline of dhout 
one in twenty million elicited a well-marked diuretic response in seventeen: 
kidneys out of the twenty-five to which this stimulus was applied.’ Of 
the rest, six kidneys increased their rates of secretion by amounts which 
were within the range of error, and two kidneys responded with a re- 
duced rate of secretion. The blood flow was measured in most of the 


kidneys and in all of these it was diminished by adrenaline. This greater 


regularity in the vascular responses than in the urinary responses of. 
isolated kidneys to drugs has previously been described, in connection 
with the effects of caffeine, by Verney and Winton [1930]. Larger. 
concentrations of adrenaline invariably retard or abolish the secretion 
of urine, and further reduce the blood flow. These effects are antagonized. 
by ergotoxine, in the presence of which even large concentrations of 
adrenaline often produce an increase of blood flow and only a small 
change, usually anti-diuretic, in the urine flow. 

Fig. 1 illustrates the diuretic and vaso-constrictor effects of on 
doses of adrenaline on the isolated kidney. The changes are relatively 
short-lived owing to the rapidity of the destruction of the drug in the 
blood. That the diuretic action is not an artefact due to the expression 
of urine preformed i in the kidney, can be seen by the facts (1) that the 
excess urine excréted is too great to be accounted for in this way, and 
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(2) that if successive doses of adrenaline be added to the circulation at 
suitable intervals so as to maintain an appropriate concentration for a 
prolonged period, the diuretic and vascular effects persist. 

A suspicion that an increase of arterial pressure, so small as to escape 
notice, might contribute materially to the diuresis was shown to be 
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Fig. 1. The influence of adrenaline on the urine flow and blood flow of the isolated kidney 
_ of the dog. The vertical line A represents the time at which adrenaline was added to 
_ the circulation, the concentration being about 1 in 20 million. The effects are transient, 
presumably owing to the rapid decomposition of the drug in the blood stream. 


unfounded in an experiment in which a deliberate lowering of the 
arterial pressure from 120 mm. to 105 mm. Hg was insufficient to reduce 
the urine flow to the value obtaining before adding the adrenaline. This 
is confirmed by the glomerular pressure measurements described below. 
An analogous test of the authenticity of the diuresis is shown in Fig. 2, 
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Fig. 2. The influence of adrenaline on the urine flow and heart frequency in a heart-lung- 
kidney preparation. The first dose of adrenaline (A,), equivalent in concentration to 
about 1 in 20 million, produced only moderate diuresis but almost maximal accelera- 
tion of the heart-rate. The second dose (A,), equivalent to an additional concentration 
of 1 in 40 million, augmented the diuretic response without producing an appreciable 
further increase in the frequency of the heart beat. Subsequent increase of the ureter 
pressure to 20 mm. Hg did not suffice to reduce the urine flow to the value obtaining 
before the administration of adrenaline, until time had elapsed during which most of 

the drug had been decomposed. 


é 
« 
We q 
= 
/ | 
rg 
uy 
| 
| 
| 
3 
| 
| 
aa | 
| 
| 
| 
} 
. 
4 
4 
4 
, 
aS 


VARIATION OF GLOMERULAR PRESSURE. 155 - 


when an increase of ureter pressure of 20 mm. Hg applied during the 
influence of adrenaline was insufficient to reduce the urine flow to its 
initial value. 

The concentration of adrenaline in the blood at any given moment 
is difficult to estimate in these experiments, partly owing to the rapidity 
of its destruction, and partly on account of the uncertainty as to the 
exact volume of liquid in circulation. It was thought desirable, therefore, 
to employ the frequency of the heart beat as a physiological indicator 
ie of the activity of the drug in the blood stream. Fig. 2 represents an 
dL experiment of this kind, in which a first dose of adrenaline produced a 
moderate diuresis concurrently with a large increase of the heart fre- 
quency, while a second dose applied'so soon after as to augment the 
concentration in the blood, produced further diuresis associated with 
little further effect on the heart rate. The diuretic concentrations of 
adrenaline, though smaller than the anti-diuretic ones, are therefore 
about the same or rather larger than those which just produce a 
maximum increase of the heart frequency; they are not as small as the 

“minute concentrations of adrenaline” which have been described in 
connection with the vaso-dilator action of the drug. 

If a dose of adrenaline, yielding a concentration of about 1:2 x 10’, 
be added to the circulating blood, the diuretic and vaso-constrictor effects 
appear almost immediately, and gradually lessen until they vanish in 
about 20 minutes. A similar dose of the drug applied subsequently again 
elicits these effects. 


THE DIFFERENCE IN THE RESPONSE TO ADRENALINE BETWEEN 
KIDNEYS WITH VENOUS AND URETERAL OBSTRUCTION. __ 

The physical analysis of the processes in the kidney accompanying 
the diuretic response to adrenaline depends on the observation that the 
diuretic effect is less in a kidney when its vein is partly obstructed than 
in one in which the ureter is obstructed to a degree which has the same 
initial effect in reducing the urine flow. 

This effect can be clearly demonstrated on the heart-lung-double- 
kidney preparation described by Verney [1929] and is shown in Table I, 
q which represents one of a series of experiments of this kind. The experi- 
{ mental technique is exactly the same as that detailed in previous papers 
(Winton, 1931]. 

In outline, the procedure 1 is as follows.’ (1) The two kidneys of one 
; dog are connected in parallel to a heart-lung circulation made from 
q another dog so that both are perfused with defibrinated blood of the 
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same composition and at the same pressure. (2) Arrangements are made 
to be able to raise the pressure in the vein of one kidney and in the ureter 
of the other. (3) Before these pressures are raised, both the urine flows 


Tastes I, Heart-lung-double-kidney experiment, in which the vein of one and the ureter 
of the other kidney were submitted to partial obstruction. The effect of adrenaline 
in producing the greater diuretic action in the kidney with the obstructed ureter is 
illustrated. 


Urine flow c.c./10 min. 
Adrenaline of ca. 
ein 
added mm. Hg mm. Hg obstructed obstructed 
3 0 0 23 2-3 
4 20 ll 14 1-4 
6 20 11 27 3-7 
7 20 17 3-0 3-0 
8 0 0 21 2-0 
* See text. 


and blood flows of the two kidneys must be approximately equal, other- 
wise the preparation is unsuitable. (4) The venous pressure in one, and 
the ureter pressure in the other kidney are now raised to such values 
that they produce well-marked and equal reductions of the urine flow 
in the two organs. (5) The dose of adrenaline is added to the blood in 
the venous reservoir of the heart-lung circulation, and means taken to 
hasten its mixing with the blood. (6) The diuretic responses of the two 
kidneys are measured, and as shown in Table I are different. (7) To 
_ enable the change in glomerular pressure to be measured, the venous 

_ and ureter pressures are then readjusted until the two urine flows become 
equal in the presence of adrenaline. (8) The two pressures are reduced 
to atmospheric pressure, and time is allowed to pass until the adrenaline 
has been destroyed (indicated by slowing of the heart rate). If the two 
urine flows are still approximately equal, it is assumed that the kidneys 
would have responded alike to the same stimuli throughout the experi- 
mental period [Canny, Verney, and Winton, 1930], and the experi- 
ment is regarded as “successful.” Stages 3 to 8 are illustrated in Table I. 

- Now it has been shown [Winton, 1931 a and 6] that the effects of 
venous and ureter obstruction on the tubular activity are negligible; 
any influence which adrenaline might exert on the tubule cells would 
therefore be common to both kidneys. Consequently the difference in 
their diuretic responses to adrenaline must be attributed to a difference 
in the change of glomerular pressure—the pressure in the kidney with 
ureteral obstruction being either increased more or reduced less than 
that with venous obstruction, by the action of the drug. It can be shown 
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that the diuretic action of adrenaline is in fact due to an increase of 
_ glomerular pressure, and not entirely to a change in tubular activity in 
the following way. 

Let p be the arterial pressure, which is the same for both kidneys 
throughout the experiment, and let the glomerular pressure be defined 
in terms of the difference of pressure between the renal artery and the 
glomerulus. Suppose ap be this fall of pressure before, and Bp the 
corresponding fall of pressure after the action of adrenaline. The change 
in glomerular pressure will be p (a — 8), a positive value of which will 
indicate an increase of glomerular pressure. These relations will be sub- 
stantially unaffected by a change in ureter pressure owing to the small 
proportion of the liquid flowing through the kidney which emerges from 
the ureter. 

If, on the other hand, the venous pressure be raised to a value », the 
pressure in the glomerulus will rise to a value a (p — v) below that in 
the renal artery—an assumption justified by considerations put forward 
in a previous paper [Winton, 1931 c]. In another paper [Winton, 
1931 6] it was shown that the venous pressure is equal to the sum of 
the increase of glomerular pressure which it produces, and the ureter 
pressure (u) which, in the absence of venous obstruction, produces the 
same reduction of urine flow, i 1.€. 


If the diuretic action of the adrenaline necessitates a higher ureter 
pressure (t,) to restore equality in the urine flow of the two kidneys— 
the venous pressure in the other kidney remaining unchanged as in 
Table I—the corresponding relation between the — in the presence 


of the drug becomes v= Bo. (2) 
From (1) and (2) it follows that ! | , 
— uy = 0 (a — (3) 


Experiment shows that Ue exceeds u,, and since vis a positive pressure, 
a must exceed 8. Hence the fall of pressure (ap) between the renal artery 
and the glomerulus is greater before the action of adrenaline than its 
value (ep) after its action. That is, adrenaline raises the — 
Groumavian PRESSURE CHANGES. 

The reasons for and reservations attaching to the measurement of 
the glomerular pressure, in terms of the product of the arterial pressure 
and the ratio of the ureter pressure to its equivalent venous pressure, 
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were considered in a previous paper [1931 c]. In the present series of 
experiments the method was applied to exploring the changes in glom- 
erular pressure consequent upon the action of different concentrations 
of adrenaline. 

A single dose of adrenaline induces a rise or fall in the glomerular 
pressure, according as the dose is small or large; this change follows a 
time course approximately parallel to the corresponding diuretic or anti- 
diuretic responses. Examples of such variations are given in Table II 
Tastz II. A series of experiments on heart-lung-double-kidney preparations, arranged 

in order of increasing concentrations of adrenaline applied to the kidneys. The values 
of the glomerular pressure before and after the action of adrenaline show that this 


pressure may be increased from a normal of 60 p.c. of the arterial pressure to about 
90 p.c., or it may be reduced to about 30 p.c. without changing the arterial pressure. 


Glomerular Urine flow o.c./10 min. 
Arterial mm. He mm. Hg 
ae mm.Hg (concentration) Before After Before After 
I 115 1:2 x10’ 60 69 2-4 3-6 
II 115 1:2 x10 79 93 16 3-0 
Ii 116 1:15x10? 76 100 3-6 5-9 
IV 130 1:1-2x10’ 74 108 15 37 
V 130 1:10x10? 74 122 2-0 53 
VI 116 1:08 x 10’ 66 43 2-0 
VII 116 1:08 x10" 79 36 2-1 10 
110 x10’ 75 40 10-3 


which indicates the wide range through which the internal control of 
glomerular pressure may operate. 

Fig. 3 represents an experiment in which the diuretic response was 
determined as the increase of ureter pressure needed to keep the urine 
flow constant. The measurement of the diuresis in terms of pressure 
rather than volume changes may be compared with the recording of a 
muscular contraction isometrically rather than isotonically. It simplifies — 
the analysis of the observed relations; for, in the absence of a change in 
tubular activity, the rate of flow and composition of the liquid passing 
down the tubules remain unchanged [1931 a], and consequently the 
pressure fall between the glomerular capillaries and the ureter may be 
taken as constant. The changes in glomerular pressure should therefore 
be reflected accurately in the changes of ureter pressure, so long as the 
stimulus produces no direct change in the tubular activity. 

The glomerular pressure recorded in Fig. 3 has been calculated from 
the ratio of the equivalent ureter and venous pressures. It has been 
shown [1931 c] that in circumstances in which the glomerular pressure 
is constant, the ratio is independent of changes in the absolute value of 
the ureter pressure; the glomerular pressure and ureter pressure curves, 
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therefore, represent two different ways of estimating the same changes, 
80 long as the tubular activity may be taken as unchanged. If an agent 
were to produce a diuretic action mainly by an influence on the tubular 


; Arterial pressure 
A A A A (mm. Hg) 


90 
Ureter | 


He + 30 
Blood flow, 
20 (ce. per min, 
Nes 
0 60 


0 10 20 30 40 50 60 70 
: Time (minutes) 


Fig. 3. Heart-lung-double-kidney experiment, in which the venous pressure of one, and 
the ureter pressure of the other kidney were raised to such values that the urine flow 
of each organ was maintained at 3-6 c.c. per 10 minutes throughout the experiment. 
The arterial pressure was also constant, at 116 mm. Hg. The glomerular pressure was 
calculated as the product of the arterial pressure and the ratio of the ureter to the 
venous pressure. The ureter pressure curve was obtained by adding 30 mm. to the 
actual values of the ureter pressure for convenience of graphic representation, and so 
that the hydrostatic pressure fall from glomerular capillaries to ureter could be taken 
as the difference between the glomerular pressure and ureter pressure curves (30 mm. 
Hg being the assumed value of the osmotic pressure of the plasma proteins). The 
vertical lines (A) represent the times at which four successive doses of adrenaline 
were added to the circulating blood, each dose being equivalent to a concentration of 
about 1 in 20 million. 


cells, such as retarding the re-absorption of water in the tubules, the 
glomerular pressure calculated in this way would still be valid, but 
the increase of ureter pressure needed to keep the urine flow constant 
- would be disproportionately great and would vary independently of the 
glomerular pressure. 
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The parallelism of the glomerular and ureter pressure curves in Fig. 3 
may thus be taken as evidence that the diuretic response to adrenaline 
is due to an increase of glomerular pressure, and not to an action on the 
tubule cells. In so far as the curves deviate from the parallel, they do 
so in the opposite sense from that which would be induced by a diuretic 
acting on the tubules, This deviation may be due to a progressive increase 
of diffusion of urine out of the tubules with increasing duration of sur- 
vival after isolation of the kidney. An analogous process in the frog’s 
kidney was described by Richards sae and postulated for the human 
kidney by Rehberg [1926]. 

~ The glomerular pressure and ‘ute pressure curves thus afford 
mutual confirmation of the effects of adrenaline described on the glom- 
erular pressure. As illustrated in Fig. 3 the pressure is raised by the first 
dose of adrenaline, but when successive doses of the drug were added to 
the blood at such short intervals that the concentration was progressively 
increased, the glomerular pressure fell and reached a value below its 
initial value. It was not possible in this experiment to increase the con- 
centration further without reducing the urine flow below its standard 
value, 3-6 c.c. per 10 minutes. The ends of the curves represent the be- 
ginning of the recovery due to destruction of the drug in the blood stream. 
Subsequent removal of the venous and ureteral obstructions showed that 
the two kidneys had retained their parallel properties under the same 
conditions. 

The response of the glomerular pressure to different concentrations 


of adrenaline, as shown in Table II, indicates a remarkable regularity in — 


the sensitivity of different kidneys to the drug. This is in striking con- 
trast with the wide variation of sensitivity to pituitary extracts and 
other substances which is encountered when they act on 1 kidneys isolated 
under similar conditions. 


THE MECHANISM OF THE INTERNAL CONTROL OF 
| GLOMERULAR PRESSURE. 


ile the arterial pressure is kept constant throughout an experiment 
such as that represented by Fig. 3, the rise of glomerular pressure in- 
duced by adrenaline implies diminution of the fall of pressure along the 
vasa afferentia, which must be due to a reduced velocity of blood flowing 
along them or to vaso-dilatation. The pressure fall is in fact reduced by 
60 p.c., whereas the blood flow is reduced only by 18 p.c., a change 
which, in the absence of a variation in shape of the vessels, could not 
bring about so large a reduction in the fall of pressure. The disproportion 
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between the pressure and blood flow changes in the vasa afferentia is 
even more marked in other experiments of the series, for the reduction 
in blood flow more usually amounts only to 10-12 p.c., while the glome- 
rular pressure changes may be even larger than those in Fig. 3, as shown 
in Table II. Dilatation of the vasa afferentia in response to diuretic 
doses of adrenaline must therefore be inferred. Along the vasa efferentia 
and subsequent vessels, on the other hand, an increased fall of pressure 
is associated with a reduction in the blood flowing through them, which 
is an unequivocal indication of vaso-constriction. 

The larger (anti-diuretic) doses of adrenaline produce a relatively 
great diminution in the blood flow, and a smaller reduction in the 
glomerular pressure. Again, taking the values from Fig. 3, the blood 
flow is reduced to 68 p.c. of its original value and the glomerular pressure 
to 86 p.c. The pressure fall along the vasa afferentia is increased, and — 
the blood flow through them reduced, indicating vaso-constriction. The 


pressure fall along the post-glomerular vessels is now reduced, but the 


diminution of blood flow through them is so disproportionately great that 
a vaso-constrictor change must again be inferred. Large concentrations 
of adrenaline, e.g. 1:10*, induce intense vaso-constriction in the kidney, 
the blood flow in one instance being reduced from 140 c.c. per min. to 
8-2 ¢.c. per min. 

1. The reactions of the isolated mammalian kidney, at constant 
arterial pressure, to adrenaline depend on the concentration. Low con- 
centrations (about 1 in 2 x 10’) induce diuresis, and slowing of the blood 
flow ; higher concentrations reduce or abolish the urine flow, and diminish 
the blood flow further. 

2. If in a pair of similar kidneys, perfused with blood from the same 
circulation, the venous pressure of one is raised, and the ureter pressure 
of the other is adjusted so that the urine flows are equally reduced in 
the two organs, the diuretic action of adrenaline is greater on the kidney 
with ureteral obstruction. Reasons are given for inferring that adren- 
aline increases the glomerular pressure, and has no detectable action — 
on the tubular activity. | 

3. At constant arterial pressure, the glomerular pressure is increased 
by low concentrations, and reduced by high concentrations of adrenaline. 
The glomerular pressure can be varied in this way over a wide range; 
experiments are recorded showing increases up to about 90 p.c. and 
reductions to about 30 p.c. of the arterial pressure. (The normal value 
under the experimental conditions concerned is about 60 p.c.) 
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4. The quantitative relations between the concurrent changes in the 
glomerular -pressure and the blood flow through the kidney show that 
the increase of glomerular pressure is due to dilatation of the vasa 
afferentia and constriction of the vasa efferentia. Reduction of the 
glomerular pressure due to the large concentrations of adrenaline is 
accompanied by constriction of both groups of vessels. 


I am indebted to the Government Grants Committee of the Royal Society for de- 
fraying much of the expense involved in these experiments. 


Canny, A. J., Verney, E. B. and Winton, F. R. (1930). J. Physiol. 68, 333. 

Ludwig, C. (1856). Lehrbuch der Physiol. 2, 257. 

Rehberg, P. B. (1926). Biochem. J. 20, 447. 

Richards, A. N. and Plant, O. H. (1922). Amer. J. Physiol. 59, 144, 184. 

Richards, A. N. (1929). Methods and results of direct investigations of the function of} the 
kidney. Baltimore. 

Starling, E. H. (1912). Principles of human physiology. London, Ist ed., p. 1277. 

Starling, E. H. and Verney, E. B. _" Proc. Roy. Soc. B, 97, 320. 

Verney, E. B. (1929). Lancet, 216, 645 

Verney, E. B. and Winton, F. R. (1930). J. Physiol. 69, 153. 

Winton, F. R. (1931 a). J. Physiol. '71, 382. 

Winton, F. R. (1931 5). J. Physiol. 72, 49. 

Winton, F. R. (1931 c). J. Physiol. 72, 361. 


wa 
> 
Bee 
* 
4 
ay 
ag 
REFERENCES 
x 
4 
we 
6, 
> 
a 
« 


612.332.72 


THE ABSORPTION OF GLUCOSE FROM THE 
ALIMENTARY CANAL. 


By H. E. MAGEE anp E. REID. 
(The Rowett Research Institute, Aberdeen.) 


PREvious work on the absorption of sugars has shown that the rate of 
transference of glucose from solutions placed in the lumen of surviving 
segments of intestine into the outer saline environment is at a maximum 
at 0-75M concentration [Auchinachie, Macleod and Magee, 1930; 
Macleod, Magee and Purves, 1930]. In order to investigate the full 
significance of this optimal concentration it was considered desirable to 
test its applicability to the living animal. Most of the experiments on | 
which this paper is based were planned with this objective. They deal 
chiefly with the absorption of glucose and the influence of phosphates 
upon this phenomenon; but there are also reported a number of obser- 
vations of the effects of various solutions on the movements of the villi. 


THE OPTIMAL CONCENTRATION FOR ABSORPTION OF GLUCOSE 
IN THE LIVING ANIMAL. 


The experiments on this subject were carried out on (1) non- 
anesthetized rats, (2) anesthetized cats, and (3) anzsthetized rabbits. 
The analytical methods used were: for blood sugar, the Hagedorn- 
Jensen method; for assaying the glucose in solutions or in the contents 
of the alimentary canal, the Shaffer-Hartmann method. Colloidal 
iron and sodium sulphate were used for deproteinization. 

1. Experiments on rats. Cori’s technique was employed [Cori, 1925]. 
Rats were fed by stomach tube 3-4 c.c. 0-75.M glucose, or 1-2 c.c. 2M 
glucose, after a fast of 24 hours preceded by a day of dieting on a little 
porridge and milk. This procedure resulted in the stomachs of the rats 
being empty of all food when killed, so that discards, owing to this not 
being the case, were very rare. The volume of solution administered was 
varied in accordance with the size of the rat, so that the amount of sugar 
fed as 0°75.M or as 2M was roughly the same in rats of similar weight. 
The pipettes used to assay the solutions were the ones used to feed the 
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rats and the amount of sugar adhering to the catheter, after each 
administration, was deducted from the amount taken up in the pipettes 
as determined by assay. In this way the amount of glucose delivered 
into the stomach of each rat was determined with as high a degree of — 
accuracy as was possible. The rats were killed 30-40 minutes after feeding 
the sugar, such a short period being necessary because of the rapid 
discharge of 075M glucose solutions, as observed in earlier experiments. 

The results (Table I) show that the coefficient of absorption (t.e. the 


Taste I, Coefficient of absorption of glucose in normal rats. 


Fed 0-75 M 3-4 c.c. Fed 2M 1-2 c.c. 
Weight of rat 0.4. Weight of rat O.A. 
(g-) (g-) 
168 0-151 143 0-117 
230 0-192 188 0-156 
197 0-189 0-131 
378 0-131 173 0-134 
6 0-139 0-102 
265 0-159 249 0-167 
195 0-167 221 0:175 
136 0-177 178 0-156 
0-188 176 0-131 
175 0-189 187 
175 0-176 235 0-120 
187 0-143 168 0-159 
120 0-188 168 0-168 
150 0-142 159 0-124 
201 0-177 176 0-146 
176 0-136 
Average 0-167 Average 0-138 
Standard error 0-0055 Standard error 0-0061 


amount of sugar (in grams) absorbed per 100 g. rat per hour) was higher 
on the average by 21 p.c. in the rats fed 0-75.M than in those fed 2M 
glucose. There was no relationship between coefficient of absorption and 
weight of rat, and Cori’s [1925] insistence on certain weights of rats 
does not, therefore, seem very necessary. Nearly all the rats fed on the 
stronger solution showed slight but distinct congestion of the duodenum, 
a condition never observed in those fed the 0-75.M solution. 

These experiments, although providing clear evidence on the total 
amounts of glucose absorbed from 0-75.M and 2.M solutions in a period 
of about 30 minutes, did not throw much light on the course of absorption 
during this time. It was, therefore, considered desirable to obtain a 
clearer picture of the rate of absorption in animals by determining the 
blood sugar in the portal circulation at short intervals before and after 
injecting sugar solutions into the stomach or intestine. The opportunity 
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was taken of following, at the same time, the course of the systemic 
blood sugar by taking samples from the inferior vena cava. 
The experiments were done on cats and rabbits anesthetized with 


sodium luminal, 0-2 g. per kg. body weight, injected subcutaneously into 


the right lateral abdominal wall. The incision to open the abdomen was 
always made through the site of the injection as soon as complete 
anssthesia developed, as evidenced by absence of reflexes on pinching 
the toes. The injected tissues were cut into and any fluid remaining 
soaked up with gauze. Thus, an approximately similar degree of 
anesthesia was produced in each animal. The blood-pressure in the 
carotid artery was recorded at intervals and all experiments rejected in 
which it fell below 60 mm. Hg in cats or below 50 mm. in rabbits. 


Samples of blood, about 0-3 c.c., were drawn from the superior mesenteric 


vein and inferior vena cava into paraffined syringes fitted with very fine 
needles before, and at regular intervals after, injecting sugar solutions 
into the alimentary canal, until 2 hours after the injection. The blood 
was oxalated in small tubes and the sugar determined. In between the 
sampling tirtiés the abdomen was kept well closed with clips. The solutions 
were introduced quantitatively into stomach or intestine by means of a 
pipette to which a needle was attached with rubber tubing. 

Control experiments were done on both cats and rabbits in which 
nothing, or water, or solutions of NaCl isotonic with the glucose solutions 
were injected into the alimentary canal. All solutions were brought to 
40° C. before injection. Only one experiment was done on each animal, 


which was killed at the end of the 2 hours, when, also, the amount and 


concentration of glucose in the stomach and intestine were usually 


| determined. 


2. Experiments on cats. In cats the sugar was injected into the 
stomach, the cesophagus having been ligated beforehand to avoid loss of 
solution through the mouth. The gastric and intestinal sugar contents 
were estimated separately. Sugar never penetrated as far as the large 
intestine and its contents were not analysed in all later experiments. 

In the control experiments no rise was ever observed in the portal or 
systemic blood sugar during the entire 2 hours, provided the anzsthesia 
was complete. If not so, the sugar rose progressively, apparently as a 
result of the shock of blood sampling, which also seemed to provoke a 
fairly rapid fall in blood-pressure. For this reason such experiments were 
automatically rejected. 

The glucose solutions and the amounts injected respectively were: 


10c.c. or 5-4 g.; 075M, 40 c.c. or 5-4 g.; 05M, 40 c.c. or 3-6 g. 
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With cats weighing less than 2 kg. correspondingly smaller volumes of 


solution were injected. 

The nature of the results obtained is shown by comparison (Fig. 1) 
of the percentage increases in portal blood sugar following injections of 
the three sugar solutions into different animals. The initial rise was 
sharpest with the 0-75 M solution, and it reached a maximum after about 
20 minutes, when a slight decline usually occurred. At approximately 


¢c.38M 
= 
| 
#40 cc,0-75M 
| 30 60 90 120 
Time (min.) 


Fig. 1. Percentage increase in portal blood sugar of cat during absorption of 
glucose solutions injected into the stomach. 


this point it was crossed by the 3M curve. About 20 minutes later the 
3M curve usually showed a secondary rise which, it was thought, might 
be coincident with the attainment of an approximately 0-75 M concen- 
tration in the stomach. It will be seen from Table VI that this was far 
from being the case. The cause of the secondary increase is, therefore, 
obscure. Five minutes after injection even the 0-5M curve had risen 
higher than the 3M curve. Hight technically satisfactory experiments 
_ yielded this result, ¢.c. for the first 20 minutes after the injection, in the 
case of the 0:75M curve, and for the first 5 minutes in the case of the 
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GLUCOSE ABSORPTION FROM INTESTINE. 167 
0-5M curve, the percentage increases in portal blood sugar were ahead 
of any of the 3M curves. The details of a typical experiment are shown 
below. 


Tasxz II, Cat. 400.c. 0-75.M glucose injected into stomach; 8.P. 80-70 mm. 


Temp. 37°. 

Portal after Increase Systemic 
blood i in sugar blood 
(mg. per 100 0.0. (min.) p.c. (mg. per 100 o.c.) 
110 0 —_ 107-5 

163 5 48-2 _ 
167 16 57-7 142 
170 26 54-5 
165 35 50 148 
160 60 45-5 150 
158 90 43-8 146 
161 120 46-4 140 


The amount of the solution discharged from the stomach was 
relatively very small in all these experiments, so that only a small 
proportion of the sugar fed found its way into the circulation. This 
unexpected finding, which must-have been due to some peculiarity in 
the cat’s stomach, to the anzsthesia or to the operative technique, does 
not, however, invalidate the results; because they show that, before 
dilution could have appreciably affected the gastric contents, 0-75M 
glucose passed into the blood more rapidly than stronger or weaker 
solutions. The largest amounts were absorbed from the 3M solutions, 
the average absorption coefficients being: 3M, 0-034; 0-75 M, 0-021 and 
0-5 M, 0-013. 

These experiments, as well as those on the rats, raised an important 
point which the next series of experiments was designed to elucidate. 
The question was whether the optimal absorption of 0-75 M glucose could 
not be explained by its having an inhibitory influence on the pyloric 
sphincter compared with stronger and weaker solutions. It was then 
decided to determine the portal (and systemic) blood sugar before and 
at intervals after injecting sugar solutions into the duodenum.: Rabbits 
were used for these experiments, as the length of their small intestine 
permitted the introduction of sufficiently large volumes of solution. 

3. Experiments on rabbits. The procedure was the same as on the 
cats except that the pylorus and ileo-cecal orifice were ligated before 
injecting the sugar through a needle into the duodenum. Ingress of food 
from the stomach and discharge of solution into the cecum were thus 
prevented. The duodenal ligature was fixed oral to the common bile 
duct. Bile and pancreatic secretions had, thus, free entrance to the 
intestine. The solutions used were 1M, 0-75M and 0-5 M. It was feared 
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that concentrations stronger than 1M would set up pathological con- 
ditions in the intestine. Furthermore, as it was obviously essential to 
keep the volume of fluid constant, wide differences in ersessesecncoui were 
undesirable. 

In the seven control experiments performed the blood sugar rose 
steadily; but, as the percentage increase remained fairly constant, 
especially in the a (or most important) period of the experiment 


200 


- 
- 


Increase in portal blood sugar (p.c.) 
3 


30 60 90. 120 
Time (min.) 
Fig. 2. Percentage increase in portal blood sugar of rabbit during absorption 
of 15 c.c. of glucose solutions injected into the duodenum. | 
(see Table III), it was considered that any significant differences in the 


rates of absorption of glucose would be shown in the blood-sugar curves. 
The results, of which those depicted in Fig. 2 are an example, showed 


Tastes III. 
Initial Increase in portal blood sugar 
(p.c.) 

(mg. per 100 c.c.) - A - ~, Solution injected 

146 89 20 2 33 #44 68 $#j.77 ~ 165¢.c. water 

151 99 #%2 23 32 S 69 =— 160.6, 3-56 p.c. NaCl 

156 102 18 23 33 6569 #— 59 Nothing ! 3 
Min. afterinjection 5 16 2% 35 6 99 120 


N.B. The figures show that the hyperglycemia was due to the anesthesia and/or the 
operation and not to osmotic factors. : 
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- | _ that the three solutions were taken into the blood at distinctly different 
O : rates. In eight technically successful tests with each solution the per- 
e | centage rise was generally greatest with the 0-75M concentration for 
: about the first 20 minutes (see Table IV). In three of the experiments 
@ : the 0-75M curve kept at a higher level than the 1M curve during the 
‘ | _ Seater part of the 2 hours, and the coefficients of absorption in these 
t : three experiments were 0-034, 0-034 and 0-039 compared with the average 
T IV. Percen ; | 
: ABLE tage increase in portal blood sugar 
injection 4-5 min.* 15-16 min.* 25-26 min.* 
M : injected 0-75M 1M 0-75M 1M 0-75M 1M 
4 54-0 26-0, Rise of 075M 95 56 Rise of 0-75M 134 83, Rise of 0-75M 
q 56-6 22-7 minus 79 «73 minus 96 100 minus 
j 51-3 23-4; riseoflM 66 60] riseoflM 91 rise of 1 M 
46-8 30-0 100 77 109 124 
41-0 14-6 Variations 100 177, Variations 78 173! Variations 
57.0 214, +90to+424 51 — -26to +43 103 —| -46t0 +61 
| 50-0 31-1 
i 1 Av. 609 %1 +268 77 66 +184 102 97 +50 


* Because of variations in the sampling times all the data could not be included. 


of 0-033 for the 0-75 M tests and of 0-036 for the 1M tests. In the re- 
maining experiments the 1M curve crossed the 0°75M at about 30 
minutes after injection and, as shown in Fig. 2, the crossing was due to 
a slight falling off in the 0-75 M curve and to the continued rise at nearly 
its former rate on the part of the 1M curve. It would have been of 
; interest to determine the glucose concentration in the intestine at this 
time, but the procedure required to achieve this would have meant the 
abandonment of the main objective of the experiment. The injected 
solution underwent considerable dilution, not only by absorption of 
glucose, but also by secretion of fluid. The mean volumes at the end of 

: the experiment were, for 1M glucose 57 c.c., for 0-75.M 52 c.c. and for 
1 3 0-5.M 39 ¢.c. The concentration was always much lower than that of the 
solution injected. Thus, with the 1M solutions it varied from 2-16 p.c. 
to 0-47 p.c., with the 0-75M from 2-89 p.c. to 0-33 p.c., and with the 
0-5 M from 0-72 p.c. to 0-01 p.c. These values are so inconstant that no 
a inference can be drawn from them. Most probably dilution was fairly 
q rapid after injecting the solutions, and it may be, that the more rapid 
5 ‘ decline in the 0-75.M compared with the 1 M curve was due to the former 
q solution falling below the optimal concentration and to the latter 
gradually attaining this level, so that its rate of absorption would tend 
to increase. But, as none of the 1M curves showed any evidence of a 
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secondary rise, the absorptive properties of the mucosa may have been 
impaired for a time by contact with a super-optimal concentration of 
glucose. Experiments to.test this possibility are desirable. 

The three series of experiments on rats, cats and rabbits indicate 
that the 0-75 M solutions are absorbed at an optimal rate by these animals, 
and that this selective action is in the first place brought out by contact 
with the absorbing surface, and only secondarily by the favourable 
influence of the optimal solution on the rate of emptying of the stomach. 


Previous work suggested that the optimal concentration was arrived at 


by gastric secretion when stronger solutions were administered to living 
rats, As confirmatory experiments are reported below, it would, therefore, 
appear that the stomach is the normal locus for the adjustment of strong 
sugar solutions for favourable reception by the intestinal mucosa. This 
conception raised again the question concerning the concentration of the 
contents of the intestine at different levels during absorption of solutions 
of glucose. In previous experiments on this subject the intestinal 
contents were taken as a whole and the results, therefore, gave no 
information about the concentration or rate of absorption of glucose at 
different levels. 


CONCENTRATION OF GLUCOSE IN STOMACH AND IN DIFFERENT PARTS 
OF THE SMALL INTESTINE DURING ABSORPTION. 
Experiments on rats. One or two c.c. of 3M glucose were fed by 
stomach tube to rats previously deprived of food for 24 hours and of 


water for 30 minutes. After 1 to 2 hours, each was dealt a violent blow 


on the head with a hammer, immediately stretched out on the back, the 
abdomen rapidly opened and the alimentary canal clamped with artery 
forceps in the following positions and order: pyloric sphincter, duodeno- 
jejunal junction, middle of jejuno-ileum (approximately), ileo-cecal 
junction and cesophagus. It was obviously of great importance to bring 
about instantaneous death, and also to effect the isolation of the desired 
sections of the alimentary tract with all possible speed. About 30 seconds 
generally sufficed to do this. After applying ligatures above and below 
the forceps the segments were cut away. The volume and sugar content 
of each were then determined by the method previously described 
[Macleod, Magee and Purves, 1930]; but, as the volumes involved 
were much smaller than before, a 2c.c. microburette and specially 
calibrated 10 c.c. measuring cylinder were used. 

In thirteen experiments the gastric concentration varied from 7:6 p.c. 
to 20-2 p.c. and gave a mean of 13-3 p.c. It was suggested in the paper 
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referred to that the variations were due to the hairs and epithelial debris 
which are nearly always to be found in the stomachs of fasted rats. In 
four of these experiments the volume was large enough to permit of 
filtration, and the concentrations shown in Table V were obtained from 
analysis of the clear filtrates. The values for the segments of the small 
intestine in the same animals are also given. 


V. 
_ Concentration of glucose (p.c.) in 
Stomach Duodenum Jejunum 
13-0 6-60 2-57 0-62 
12-9 3-66 1-83 0-54 
11-7 5-93 4-23 2-16 
16-2 7-45 4-66 1-74 


The results were much more constant than those obtained from the 
unfiltered contents. The mean of these four values is 13-45 p.c., which is 
in very close agreement with the average of the former series of twenty 
results (13-4 p.c.) and of the present series of thirteen (13-3 p.c.). The data 
obtained from analyses of the stomach contents of some of the cats 
mentioned above are not, however, in harmony with those obtained on 
rats, for they indicate steady dilution during the whole 2 hours, irre- 
spective of the solution. The final concentrations with the 3M, 0-75 M 
and 0:5M solutions were generally about 12, 9 and 6:5 p.c. respectively. 
Typical results are shown in Table VI. 


_Tastz VI. Stomach contents of cats (glucose p.c.). 


Cl as HCl p.c. 
av. of 5 exp. 
Time after injection(min.) 5 16 2% 37 120 120 
Solution injected: 3M — 842 — 322 300 161 11-7 0-375 
; O-75M — 133 — 123 116 110 846 0-217 


05M 82 — TF — TT 69 66 0-134 


The findings shown in Table VI mean, either that the cat’s stomach 
reacts to sugar solutions in a manner different from the rat’s stomach, 
or that the disagreement can be explained by the different procedure 
employed on the cats: viz. the anesthetic and the operation. The 
analyses of the cat’s stomach do, however, agree with each other in 
showing that dilution occurred relatively rapidly early in the experi- 
ments, and that the source of the diluting fluid was the gastric mucosa. 
Thus, the Cl concentration at the end of the experiments is seen (Table VI) 
to vary with the degree of dilution and, furthermore, bile was never 
detected in the stomach contents in technically successful experiments, 
in which alone estimations of Cl were conducted. 
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The values for the sugar concentration in the segments of small 
_ intestine of rats given in Table V are typical, and they show that it 
decreased rapidly analwards. The ileal segments were about 33 cm. long, 
and, if it had been possible to analyse the contents at the end of the 
ileum, it is probable that little or no sugar would have been found. 

Experiments on rabbits. The object of these experiments was to com- 
pare the rates of absorption of glucose and water in different levels of the 
intestine. Rabbits fasted 15 hours were anzsthetized with urethane, and 
loops 30cm. long were measured and isolated from the duodenum, 
jejuno-ileum and terminal ileum following the method used by Cohn- 
heim, Reid and others [see Magee, 1930, p. 474]. The loops were 
washed out with warm 0-9 p.c. NaCl, emptied by gentle digital pressure 
and the distal end tied with woollen yarn. Five c.c. of 0-75.M or 10 .c. 
of 0-3.M, 0-2 M or 0-1M glucose were inserted into the proximal end of 
each loop which was then ligated. The same solution was always inserted 
into all three loops in the same animal. After returning the loops the 
abdomen was closed immediately. They were excised after intervals of 
from 1 to 2 hours and the concentration of sugar in each determined. 
Eight experiments with 0-75 M glucose were done and fourteen with the 
weaker solutions. Examples of results are shown in Table VII and they 
are summarized below. 

Taste VII. 

Cone. (M) Vol. of fluid recovered Glucose in fluid Glucose absorbed 
and vol. (c.c.) 


Dura- (g-) 


exp. solution Duo- Jejuno- Duo- Jejuno- Duo- Jejuno- 
(min.) injected denum ileum [leum denum ileum Ileum denum ileum I[leum 


120 0-75M,5 195 123 115 1089 300 415 0-462 0-305 0-199 
120 02M,10 144 6-8 35 095 261 330 0-224 0-183 0-244 
60 0-1M,10 93 5-2 45 102 2:26 251 0089 0-066 0-071 


Duodenum: C trati d d with all solutions. Volume recovered—i d 


markedly with 0-75.M, less 80 with 0-3M, increased or decreased slightly with 0-2M 
and 0-1 M. 


Jejuno-ileum and ileum: Concentration—diminished markedly with 0-75 .M, less with 
and 0:2M, increased with 0-1M. Volume recovered—slightly raised with 0-75 
doubtful with 0-3 M, lowered with 0-2 and 0-1M. 


There was no clear relationship between the duration of the experiment and the volume 
and concentration of the solution recovered. 


Amount of glucose absorbed: Duodenum absorbed more than other segments with 
0-75 M, but no clear differences found with the other solutions. 


From these findings it may be inferred that glucose was absorbed by 
the duodenal segment from all the solutions more rapidly than water. 
The balance—absorption versus secretion of water—was in favour of 
secretion with the 0-75M and 0-3M solutions, but about equal with 
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0-2M and 0-1M. In the jejuno-ileum and ileum the processes balanced 
each other at 0-3M strength, above which sugar was absorbed more 
rapidly than water. This was also the case with the 0-2M solution, but 
with the 0-1 M the reverse happened ; so that the volume diminished and 
the concentration increased. It is, therefore, probable that, at some 
concentration between 0-2M and 0-1M, water and glucose would be 
absorbed at the same rate in the jejunum and ileum. 


PORTAL AND SYSTEMIC BLOOD SUGAR DURING ABSORPTION OF GLUCOSE. 


The comparison of the portal and systemic (inferior vena cava) blood 
sugar was made, as mentioned above, on cats and rabbits before and after 
injecting glucose solutions into the stomach and intestine respectively. 
The findings were similar for both kinds of animal. Typical data are shown 
in Table II. The pre-injection values were always practically identical; 
but about 5 minutes after injecting the solution the portal sugar had risen 
about 20 mg. higher than the systemic. These relative positions were 
maintained approximately constant until the end of the experiment. 


_ The difference between the curves may be taken to represent the balance 


of the effects of/hepatic function and of tissue metabolism on blood sugar, 
and the systemic (venous) curve to afford as good an index of the rate 
of absorption of glucose as the portal curve. 


DIFFUSION OF PHOSPHATES THROUGH SURVIVING INTESTINE. 

_ In previous experiments with phosphates very uncertain results were 
obtained. It is now clear that the chief, if not the sole cause of the 
obscurity was the liberation by the intestine of soluble phosphates into 
the outer environment. 

The possibility of an optimal concentration for diffusion was con- 
sidered, and it was felt that, if such existed, it should be in the neigh- 
bourhood of the soluble phosphate concentration of rabbit’s milk. The 


smallest animal for which appropriate analytical data could be obtained 


was the goat; and, calculating from figures published by Bosworth 
and Van Slyke [1916], it was estimated that the soluble phosphate of 
goat’s milk was equivalent to about 0-11 p.c. NaH,PO,. As the con- 
centration of inorganic elements in milk varies directly with the rate of 
growth of the species, it was believed that the phosphate content of 
rabbit’s milk should be in the neighbourhood of 0-2 p.c. NaH,PQ,. 
Tests were therefore made, comparing the rates of diffusion of 0-2 p.c. 
NaH,PO, with those of stronger and weaker solutions. The technique 
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was, in general, the same as in previous experiments with surviving 
intestine; but sugar and phosphate-free Tyrode were used, the pH being 
adjusted to 7-4~-7-6 by NaHCOQ,. 

It was necessary at first to test the technique by doing experiments 
on devitalized segments, and it was found that, although phosphate 
diffused through the wall of segments killed by heat or CHCl, in accord- 
ance with concentration, it did not do so in proportion to the concen- 
tration. It was then found that phosphate was liberated continuously 
into the outer environment even when phosphate-free fluid was placed 
in the lumen. The amount of phosphate appearing in the bathing fluid 
was approximately the same for different segments from the same animal 
when killed in the same way, so that one control loop sufficed for each 
set of experiments (see Table VITI for an example of the results). When 


Taste VIII. 
Phosphate mg. per 100 c.c. 
Duodenum Deum 

(min.) Living Dead Living Dead 
45 0: 2-40 1-05 2-53 
90 1-76 4-06 1-76 4-00 
135 2-19 5-19 | 2:44 4-85 


The “dead” loops were killed by immersion in distilled water at 65° for 5 minutes. 
Inner fluid, 5 c.c. phosphate-free Tyrode. 


a control loop was set up for each series of tests the amount of phosphate — 


diffusing out from the lumen could be determined by difference. It was 
then found that diffusion occurred in proportion to the concentration. 
Examples of results are shown in Table IX. It will also be observed that 
phosphate was liberated at an approximately constant rate. 


Taste IX, Rabbit intestine, dead, 5 c.c, phosphate solution, pH 7, in each loop. 
P-free 


Tyrode Time 
1-52 (3:20)  0-84(2-52) 0-51 (2-19 
Phosphate mg. per 100 c.c. {316 (6-18) 1:53(455) 0-88 00 3-02 80 
3-71 (7-66)  1-69(5-64) 0-89 (4-84) 3-95 90 
N.B. The figures in brackets are the percentages of total phosphorus in the experimental 
beakers, and the others the same after deducting the percentages in the control beaker. 
The latter vary in proportion to the concentration in the loops; the former do not. 


Solution in lumen (p.c.) 0-4 0-2 0-1 


Phosphate was found to be liberated in an exactly similar fashion, 


segments, and the amounts diffusing from the lumen were arrived at in 


but in somewhat smaller amounts (see Tables VIII-X), from surviving | 
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the same way, Some typical results are given in Table X. They show 
that diffusion was more rapid from 0-2 p.c. phosphate than from stronger 


Taste X. Rabbit intestine, living, 5 c.c. phosphate solution, pH 7, in each loop. 
Exp. A, P-free 


Tyrode Time 

Solution in lumen (p.c.) 0:10 0:15 020 0-256 0-50 (control) (min.) 
0-73 0-95 1-56 0-97 45 
339 262 2-25 1-71 90 
2:29 5-44 2-55 135 


Exp. B. 
060 O70 1038 097 0-68 45 
Phosphate mg. per 100 c.c. {08s 1:24 181 161 # 1-65 1-15 90 
1-02 313 2-70 2-39 1-71 135 
N.B. The intestine was from different animals. In Exp. A the solutions were increased 
in concentration analwards and, in B oralwards, so as to rule out the influence of the 
increasing permeability analwards. The phosphate was set free from the control loops at 
a constant | 


10- 


P (mg. per 100 c.c.) 


30 60 
Time (min.) 


Fig. 3. Diffusion of phosphate through living and dead segments 
of excised rabbits’ intestine; 5 c.c. 0-2 p.c. NaH,PO, in each. 


or weaker solutions, even when the differences in concentration were as 
low as 0-05 p.c. Phosphate solutions of 0-2 p.c. at pH 7 would, therefore, 
appear to be optimal for diffusion through surviving rabbits’ intestine. 
When solutions of lower pH were tested the concentration of optimal 
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diffusion appeared to shift towards the 0-1 p.c. solution, but sufficient 
work was not done to confirm this impression. 

When living and dead segments were tested, diffusion was side 
through the latter, obviously because of alteration in the structure of 
the wall. In the case of the dead segment the rate fell away gradually as 
the diffusion gradient decreased; while it kept almost constant in the 
case of the living segment, thus indicating an approximately uni- 
directional diffusion (see Fig. 3). 


INFLUENCE OF PHOSPHATE ON ABSORPTION OF GLUCOSE. 

We were not able to demonstrate that the presence of 0-2 p.c. 
phosphate, pH 7, had any significant effect on diffusion of glucose through 
surviving intestine, obviously because, as pointed out, phosphate was 
always present in the outer and, presumably, also in the inner fluid. 
Further, diffusion of phosphate was not affected by the presence of 
glucose. 

Tests on living rats, using Cori’s method, demonstrated, however, 
that phosphate (0-2 p.c., pH 7) had a definite stimulating effect on 
absorption of glucose. The rats were fed 3 or 4.c.c. of 0-75.M glucose in 
0-2 p.c. phosphate and killed after intervals of about 30 minutes. Eight 
experiments were done and the mean coefficient of absorption was 0-249 
(standard error, 0-008), with variations of from 0-272 to 0-204. This mean 
shows an increase of 49 p.c. over that in Table I, 0-167 (standard error, 
0-0055), for animals fed on 075M glucose alone. There can be little 
doubt, therefore, that absorption of glucose was definitely stimulated by 
the presence of phosphate 

Experiments were also done by Cori’s method to test whether 
‘phosphates had any influence on absorption of xylose. The solutions fed 
were 0-75 M xylose and 0-75M xylose in 0-2 p.c. phosphate, pH 7, and 
2 hours were allowed for absorption. Eight experiments were done on 
each solution and the mean absorption coefficients were: for 0-75M 
xylose, 0-0263 (standard error, 0-0041); for xylose + phosphate, 0-0303 
(standard error, 0-0043). The difference falls within the experimental 


error and the effect of phosphate on xylose — must, therefore, 
be very slight, 


INFLUENCE OF SUGARS AND PHOSPHATE ON VILLUS MOVEMENTS. 
These experiments were carried out on cats, anesthetized with luminal 

or urethane, by the method described by King and Arnold [1922] as 
modified by Verz4r and K okas [1927]. A binocular (Leitz) microscope 


~ 
| 
| 
ta 
4 
a 
7a 


GLUCOSE ABSORPTION FROM INTESTINE. 177 


giving a magnification of 40 diameters was used. Better movements 
were observed in lower than in higher levels of the intestine and in fed 
than in fasting cats. In the latter respect the observations of Kokas 
and Lud&ny [1930] are confirmed. It was, therefore, the rule, in all but 


the first few experiments, not to fast the cats, and to make the first cut 


as low down in the ileum as possible, proceeding oralwards when fresh 
incisions had to be made. The solutions used were kept in flasks im- 
mersed in a water bath at 40°. One of us applied the solutions by means 
of a fine-pointed pipette fitted with a rubber teat, and wrote down the 
observations made by the other, who was unaware of the changes of 
solution made. Our respective réles were frequently reversed to avoid 
incorrect or incomplete observations, which were inevitable when the 
eyes were fatigued. Observations were made on vario of the 
intestine in fourteen cats, and the greatest common m of agreement 
was sifted out from the mass of records. It was necessary to employ 
some solution whose effects could be regarded as standard. From the 
work of previous observers Tyrode’s solution was considered the most 
suitable and, accordingly, the effects of every other solution were com- 
pared with those of previous or subsequent additions of Tyrode. 
Tyrode. When examined after the incision was made the villi were 
always matted together and covered with mucus; movements were 


- difficult to distinguish and appeared to be infrequent. After washing off 
the mucus with several applications of Tyrode, pumping of the villi 


appeared and the more extensive movements of the muscularis mucose. 
These, which will be, for brevity, referred to as “mucosal movements,” 
caused pitting or wrinkling of masses of villi and were usually accom- 
panied by wave-like pumping of rows of villi. This was not always the 
case; for sometimes the mucosal or, more frequently, the pumping 
movements were almost entirely overshadowed and obscured by the 
other type of movement. Immediately after adding Tyrode for the first 
time the villi swelled up and the blood in the capillaries could be seen 
circulating distinctly. Unless otherwise stated, the effects of the other 
solutions are given as relative to the effect of Tyrode. 

0-75M glucose. In forty-seven observations mucosal movements were 
stimulated twenty-four times by 0-75 M glucose, fourteen times by Tyrode 
and no change occurred nine times. Pumping movements in twenty-eight 
observations were stimulated thirteen times by 0-75M glucose, nine 
times by Tyrode and no change was seen six times. When it occurred, 
stimulation by the glucose solution was always more definite than 
stimulation by Tyrode. In the former case pumping movements 
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‘immediately became shorter, sharper and more frequent than with 
Tyrode: the villi shrank at once and the capillaries stood out promi- 
nently. When applied after —— glucose, inns always caused 
swelling of the villi. : 

3M, 1-5M, 1M, 0-75M and 0-5M glucose. The degree of shrinkage, 
which was immediate, was proportional to the concentration. The 
pumping and mucosal movements decreased according to the following 
series: pumping, 0-75M = 1M > Tyrode = (or very slightly>) 05M 
>1-5M>3M; mucosal movements, 0-75M > Tyrode= 1M =05M 
> 15M> 3M. The 3M solution stopped all movements practically at 
once, and the 1-5 after a few seconds. Both solutions caused immediate 
and marked shrinkage, the blood in the capillaries slowing and then 
apparently stopping. Subsequent additions of Tyrode started movements 
after a relatively long delay, the duration of which varied directly with 
the concentration. Sometimes after the 3M solution, Tyrode failed to 
revive the movements in about 5 minutes. Recovery of the circulation 
occurred in the same order as the movements; but, frequently, some villi 
could be seen with their ends congested. They gave the impression of 


minute hemorrhages into their substance. The 15M and 3M solutions 


also produced considerable secretion of mucus. 
0-75 M sucrose, 0-75 M maltose and 0-75 M lactose. The effects were very 
similar to those evoked by 0-75M glucose, but the maltose solution, 


although it quickened the rate, did not alter the amplitude of the 


pumping, and it stimulated less markedly the mucosal movements. 
Lactose also differed from the others in not affecting. pumping. The 
degree of shrinkage was the same with all four solutions. 

0-75M aylose, 0-75M arabinose and 0:75M mannose. These solutions 
immediately caused marked shrinkage of villi and complete cessation of 
pumping and a marked but variable degree of inhibition of mucosal 
movements. The appearance of the villi and the effects on the circulation 
with all three solutions were similar to those seen after applications of 
15M and 3M glucose; but subsequent washing with Tyrode gave a much 
smaller degree of recovery or none at all. This was eepecially the case 
with xylose. 

Phosphates (0-1, 0-2 and 0-5 p.c. NaH,PO, at pH 7). No distinction 
could be discerned between the effects of the three solutions, nor did they 


appear to alter the movements in any way. They all caused immediate _ 


and marked swelling of the villi, so that the field became uniform in 
appearance, and further observations as to the behaviour of separate 
villi were, therefore, impossible. A very copious and progressive secretion 
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of tenacious mucus also set in almost immediately after applying the 
solutions, so that the field became still more obscured. 

Bile (cat's) 2-3 p.c. in Tyrode. Compared with Tyrode alone, the bile 
solution stimulated pumping and mucosal movements, the pumping 
becoming more rapid but of smaller amplitude. It also excited con- 
siderable secretion of mucus, but not so much as the _— 
solutions. 


_ After the above observations had been made, Prof. F. Verz&r very 
kindly undertook to compare for us the effects of the above solutions of 
glucose and of Tyrode, without knowing the nature of our findings. His 
results were practically identical with ours, and we therefore believe that 
our observations are, in the main, correct. This feeling of assurance is 
largely due to Prof. Verzar’s kindness for which we wish to express our 
grateful thanks, 

Discussion. | 

The experiments reported in this and in earlier papers provide strong 
support for the view that 0-75 M glucose is the optimal concentration for 
absorption of this sugar by the living animal. This concentration is also 
shown to be optimal for at least three types of animal—rat, cat and 
rabbit—representatives of omnivora, carnivora and herbivora re- 
spectively. It would, however, be unwise, owing to the small amount of 
evidence available on the subject, to formulate any broad general 


principle to include other animals. 


The only experiments that might elucidate the mode of operation of 
the 0:75.M solution in causing the maximal rate of absorption of glucose 
are the observations on the villus movements, This concentration caused, 
on the whole, more vigorous movements of the villi and of the muscularis 
mucose than any of the other solutions, and thus, by emptying the 
central lacteals, capillaries and tissue spaces of the villi, brought about, 
in the living animal, conditions more favourable for the transport of 
sugar from the epithelium into the bodies of the villi. In turn, the osmotic 
pressure gradient between the lumen and the interior of the epithelial 
cells would be steepened. While it is possible that the optimal concen- 
tration operates in the living animal, to some extent in virtue of its effect 
on the movements of the villi and mucosa, some other factor of greater 
importance must come into play; because 0-75 M glucose has been shown 
to be optimal for the excised intestine, in which movements of the villi 
are known to be absent [Kokas and Luddny, l.c.]. It is impossible, at 
present, to say from the data available what the other factor may be, 
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_ Additional evidence has also been brought forward in support of the 
opinion that solutions stronger than 0-75 M are diluted to approximately 
this concentration before: the bulk of the sugar is propelled into the 
duodenum. Some discharge of strong solutions must occur before the 
entire gastric contents are diluted to anything like 0-75 M, as testified 
by the rise in the portal blood sugar of the cats 5 minutes after 3 M glucose 
was injected into the stomach. It does not necessarily follow, however, 
that the fluid thus discharged was of the same concentration as that in 
the fundus; for it is conceivable that considerable dilution could occur in 
the pyloric canal, provided the rate of discharge was slow. Indeed, there 
is no evidence to suggest the contrary. In addition, the rapid decline in 
the concentration of sugar analwards in the intestine of the rats fed on 
3M glucose suggests that absorption of sugar is very rapid; so that only 
the upper portion of the duodenum would be likely to encounter high 
concentrations of sugar from the stomach. We have seen that, when 
relatively large volumes of concentrated glucose were inserted in the 
stomach; the duodenal mucosa was often found to be congested. The 
congestion did not extend the entire length of the duodenum, but was 
usually confined to its first part. It seems very probable, then, that the 
hyperemia was due to the passage of abnormal amounts of abnormally 
concentrated solutions from the stomach, the premature discharge being 
due, chiefly, to the pressure engendered by the gastric secretion. It would 
appear, therefore, that two factors, at least, influence the motility of the 
pyloric sphincter, viz. the hydrostatic ‘and osmotic pressure of the 
stomach. contents. Further work is, — wpeivone: to test the 
accuracy of this conception. | 

The experiments 1 in which glucose solutions were injestail into isolated 
loops im situ in urethanized rabbits point to the duodenum as the site 
par excellence for the secretion of fluid in the small intestine. There is not 
available ‘any experimental work that would throw light on the com- 
position of the fluid secreted; but very probably it would vary according 
to the nature of the exciting cause. In the experiments under discussion 
the bulk of the fluid came, most probably, from the duodenal wall; for 
the common bile duct was excluded from the upper segment. As the 
most characteristic secreting structures of the duodenum are the glands 
_ of Briinner, it is reasonable to suppose that secretion of fluid is one 
of their chief réles. It is opportune to mention here the effects of 1-5M 
and 3M glucose on the circulation in the villi. The pronounced shrinkage 
made the capillaries stand out prominently, and the impression they 
gave was one of partial or complete stasis. Such a condition would not 
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be conducive to. exudation of fluid from the capillaries of the villi, but 
rather from the more proximal portions of the vessels leading up to them, 
1.¢. in the region of the intestinal wall occupied by the glands of Briinner 
and the crypts of Lieberkiihn. 

Cohnheim’s [1899] view that solutions of any éonneniantion when 
plivadd in the intestine became isotonic with the blood will be seen to be 
untenable in the light of these experiments. These have shown that, in 
the duodenum, glucose solutions from 0-75M to 0-1M became pro- 

ressively weaker owing to more rapid absorption of solid than of water, 
and that in the jejunum and ileum it was only 0-2 M and 0-1 M solutions 
which remained constant in strength. As calculated from the figures of 
Gyemant [1925] a glucose solution of 4-57 p.c. is isotonic with blood 
and 0-15.M (2-7 p. oy glucose is, therefore, only about half this con- 
centration. 

The promotion of ghuices absorption by the presence of cholate 
suggests the formation of a glucose-phosphate compound more readily 
diffusible than glucose itself, and, for this purpose, the secretion of 
phosphates into the intestinal lumen when pure sugar solutions are being — 
absorbed. The evidence, that may be taken as relative to this point, is 
opposed to any structural alteration occurring in the glucose molecule, 
either in the intestinal lumen or after it has passed through the epithelium 
[see Magee, 1930, p. 488]. If, however, any such compound is, in fact, 
formed it must be of a very labile nature or so little different from 
ordinary glucose as to be indistinguishable from it by reduction or 
polarimetric analysis.. We are left, then, with the alternative suggestion 
that phosphates stimulate the selective absorbing powers of the epithelium 
for glucose; but, <eesamams de their action on the villi _ not ne any 
help in this direction. 

Cori [1931], without sition: data, has stated that 
“the blood-sugar curve is not a measure of the rate of intestinal ab- 
sorption” (of glucose). The word “measure” is not, presumably, to be 
interpreted in a strictly quantitative sense and is, therefore, we may 
assume, synonymous with the term we have used, “index.” Cori’s view 
is not, then, in harmony with our results; for both the portal and systemic 
blood-sugar curves ran practically parallel courses during absorption of 
glucose. Furthermore, the percentage increases in the blood-sugar curves 
were in accordance with the absorption coefficients found in intact rats 
and in the anesthetized animals themselves, on which the blood-sugar 
analyses were done. We are, therefore, of opinion that either curve can 
truly be regarded as an index of the rate of absorption of glucose in 
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anssthetized animals; and, 
for non-anesthetized animals. 

"About 20 p.c. more glucose was absorbed by living 0-75 M 
than from 2M solutions, and the presence of 0-2 p.c. phosphate at pH 7 
increased the absorption of 0-75 M glucose by 50 p.c. When 3M solutions 
were fed to rats the results suggested that the stomach dilutes solutions 
stronger than 0-75M to this concentration before the bulk of it is 
discharged into the intestine, and. that: concentration 
rapidly decreases analwards, 

Glucose solutions of 0-75. into the 
and intestine of anesthetized cats and. rabbits, respectively, ' were 
absorbed into the blood more rapidly than stronger tr weaker solutions. 
It is, therefore, believed that 0-75M glucose is the optimal solution for 
absorption of this sugar, in rats, cats and rabbits. The portal or systemic 
blood-sugar curve is.an index of the rate of of in 
anssthetized animals. 

There is an optimal p. diffusion of 
phosphate through surviving rabbits’ intestine. 

In the duodenum of anesthetized rabbits sincione was sbaahed-n more 
rapidly than water, from 0-75M to 0-1M solutions, and absorption 
balanced secretion of water with 0-2.M and 0-1M solutions. Secretion 
of water is believed to be an important function of the duodenum. In 
the jejunum and ileum absorption and secretion of water balanced with 
solutions of 0-3M concentration. Glucose was absorbed more rapidly 
than water in the jejunum and ileum from all solutions Xhenttt _ 
0-1M with which the reverse was the case. 

0-75 M glucose was more favourable than or 
to the contractility of the villi and of the muscularis mucose of the cat, 
and 0-75 M sucrose, 0-75M maltose and 0-75 M lactose had ‘effects only 
slightly less favourable than glucose. The movements were also stimu- 
lated by dilute solutions of bile (2-3 p.c.) in Tyrode. Phosphates, at 
pH 7, without having any evident action on contractility, caused marked 
swelling of the villi and considerable exudation of tenacious mucus. 

Arabinose, xylose and mannose in 0-75 M solution caused immediate 
and marked inhibition of all movements and shrinkage of the villi. 

With glucose solutions the degree of shrinkage varied directly as the 
concentration, and with the stronger solutions (1-5 and 3M) there was 
slowing or stasis of blood in the capillaries and copious secretion of mucus. 
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We desire to express our thanks to Prof. Macleod for criticism and 
advice, 
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‘THE STATE OF WATER IN MAMMALIAN TISSUES. 


By MARY HETHERINGTON. 
(From the Department of Physiology, Bedford. College, London.) 
Tue physical state of water in animal fluids and tissues has been the 
subject. of much’ research which has been summarized recently by 
A. V. Hill [1931]. The general conclusion appears to be that little if any 
of the water is “bound” in a physical sense, though the impermeability 
or the secretory activity of cells may hinder or prevent the attainment 
of osmotic equilibrium by the movement of otherwise “free” water. The 
object of the present research was to find what fraction of the total water 
of the mammalian body is “unbound” and free to dissolve in a normal 
manner substances added to it. Such “free” or “available” water was 
estimated by injecting a limited amount of strong salt solution into an 
angsthetized animal and finding the consequent rise of osmotic pressure 
of the blood. It is assumed that the fluid entering the blood finally 
comes into equilibrium with all the available water of the body, so that 
from the observed rise of osmotic pressure the latter can be calculated. 
If the attainment of equilibrium is not complete the value calculated will 
be too small. 
METHOD. 


Cats were used. Amytal was injected baiaacistionsaile: and as soon 
as the anesthetic was effective the pubic symphysis was removed and 
a catheter was inserted into the urethra: the bladder was then emptied. 
About 3 c.c. of blood were next withdrawn from the carotid artery with 
@ syringe and defibrinated by shaking in a stoppered sample tube with 
glass beads. The vapour pressure of this sample was measured by 
Hill’s thermal method as described by Margaria [1930]. The osmotic 
pressure was then calculated and expressed in terms of an equivalent 
sodium chloride solution. 

A solution of sodium chloride containing 8 g. in 100 g. of water was 
then injected into the saphena vein of the hind leg over a period of 
approximately 10 minutes. Blood samples were taken from the carotid 
artery at varying intervals after the end of the injection, and their 
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osmotic pressures found, At intervals corresponding with those at which 
blood samples were taken the volume of urine excreted was measured 
and the osmotic pressure of this also was examined. 

In this way the amount of sodium chloride retained in the body at 
the moments at which the blood samples were taken could be found and 
from the rise in the osmotic pressure of the blood the total amount of 
water available to dilute the added salt was calculated. Samples were 
taken approximately after intervals of 15, 30, 45 and 60 minutes from 
the injection of the salt solution. The whole of the salt found in the urine — 
up to a given moment was subtracted from that initially injected, since 
the amount of salt which would have been excreted normally was 
negligible in comparison. 

The condition of the animals remained good throughout the experi- 
ment. In one or two cases respiration became feeble during the actual 
injection, but after two or three minutes of artificial respiration by hand 
it recovered. 


The following example illustrates the observation and the calcula- 


tion, 


I. Cat no. 11. Initial osmotic pressure of blood =0-0624 g. NaCl in 
100 g. H,O. 4g. NaCl in 50 ¢.c. H,O injected over period of 10 min. 


Timeafterend Blood osmotic Urine osmotic Volume of urine 


of injection pressure(g. NaCl pressure(g. NaCl excreted in 

(min.) in 100 g. #0) in 100g. H,0) interval (c.c.) | 

15 1-2460 1-782 24 
35 1-2755 1-518 24 
50 1-1803 1-506 15 
| 70 : 1-1956 1-629 12 

I. “Available” water 15 min. after injection. 
1-782 x 24 


NaCl retained in body =4 - “me oe 572 g. 
Rise of osmotic pressure observed expressed in g.- NaCl per 100 g. = 12460 
0-9624 =0-2836. 
Hence “available” water +24 50 g. = 1236 g. 
the weter excreted, the 50 the water injected.) 
This is 53-7 p.c. of the body weight. 
II. “Available” water 35 min. after injection. 
NaCl retained =3-572 - _3.008 g, 
Rise of osmotic pressure observed = 1-2755 — 0-9624 =0-3131 g, NaCl. 


Hence available +48 50=1022=44-4 p.c, of body weight. 


III. “Available” water 50 min. after injection, similarly calculated, =60 p.c. of body 
weight. 
IV. “Available” water 70 min. after injection =53 p.c. of body weight. 


_ 3-572 x 100 
~0-2836 
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‘Six similar experiments were performed, the results of which are 2 
in Table IT. 


Taste Il, 
Time: initial, Blood osmotic Urine osmotic Urine volume “Available” 
orafterend of pressure(g. NaCl pressure(g.NaCl ininterval water as p.c, 
injection (min.) in 100g.H,O) 100g. H,O) (0.0.) of body weight 
Cat no. 12. Weight 2-55 kg, 3-735 g. NaCl injected in 42 o.c, H,O over 10 min. 
15 1-2188 2-8525 6 48 
35 1-1561 2-045 8 59 
60 1;1395 2-490 94 60 
100 1:1596 1-925 5 53 
Cat no. 13, Weight 2:39 kg, 3-89 g. NaCl injected in 48 0.0. H,0. 
Initial 0-9375 — 
17 1-184 1-486 62 | 51 
33 1:2010 1-535 33 41 
50 1-1857 3-8671 15 
70 11741 3-7654 8 
Cat no, 14, Weight 1-74 kg. 2-54 g. NaCl in 31-7 0.0. iss | 
0-9373 
19 11924 1-440 25 49 
30 11468 1-800 6 57 
11100 2-180 65 
55 1-1002 2-480 
Cat no. 16, Weight 3:3 kg. 4-16 g. NaCl in 52 0.0, H,0. 
20 11425 2-140 14 63 
35 1-1167 2-112 14° 68 
50 11124 2-156 9 66 
65 1-0994 2-370 10 67 
Cat no. 17, Weight 3-43 kg. 4g. NaCl in 50 c.c. H,O. 
10984 B7648 4 65 
30 1-0932 3-0080 5 64 
50 1-0907 2-8000 | 61 
1-0902 2-7676 6 59 
Cat no, 18, Weight 4kg. 4:16 g. NaCl in 52 c.c. mp. 
13 1:1377 1-8777 1 47 
33 1-0938 1-7556 22 54 
48 1-0870 1-9347 6 55 
60 1-0867 1-9404 es 53 


_ We may now argue as follows: 

Before osmotic equilibrium is attained between blood wa tissues the 
observed osmotic pressure of blood will be too high to represent an 
oss value and the calculated “available” water will be too small. 

ere is an obvious tendency for the first value at about 15 minutes to 
be too small presumably for this reason, except in the case of cat no. 13, 
in which the fall observed after the 17-minute reading is suspicious. 
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Neglecting that experiment, and taking the mean of the second, third 
and fourth reading, the six other experiments give the following results, 


_ “ Available” 
water p.c. of 
Cat no body 

ll 52 
12 57 
14 62 
16 67 
17 61 
18 54 


The mean value for the six experiments is 59 p.c. : 

From Tables I and II it is seen that a steady state is reached by 
diffusion certainly within half an hour. Earlier than that the blood 
becomes gradually less concentrated by dilution with the available water 
of the tissues. After that the osmotic pressure of the blood continues to 
fall slowly, though it remains high for a long time. In some experiments 
which were continued much longer the rise was maintained despite the 
almost complete elimination of the salts in the urine, For example, in 
four separate experiments the injection of 4g. of NaCl in 50g. H,O 
caused the osmotic pressure of the blood to be too high, even mn after the 


times named: 
A. 126 p.c. higher than initial value after 4} hours. 
B. 22-6]}p.c. high after 5 hours. 
C. 18-5 p.c. high after 3 hours. 
D. 145 p.c. high after 4 hours. 


During these times very large amounts of urine had been excreted, and 
the great loss of water prevented the concentration of the blood from 
falling to a degree corresponding with the loss of NaCl. 

From 60 to 70 p.c. of the body weight of a mammal is stated to be 
water—in the case of cats, in which there is a relatively large amount of 
skin and hair, say 62 or 63 p.c, The mean value, 59 p.c., found above for 
the “available” water shows that practically all the water of the body is 
free to take part in osmotic interchanges and to dilute in a normal way 
the chemical substances set free in the blood. Apparently, therefore, 
neither the physical “binding” of water nor the semi-permeability of 
cells, nor their secretory activity, has sufficient influence to render any 
considerable part of the water in the body not available for osmotic 


By injecting a limited amount of a strong salt solution into the blood 
stream of an anaesthetized animal and measuring the change of osmotic 
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pressure so caused after a steady state is reached, it is possible to deter- 
mine, as a fraction of the body weight, the amount of water available in 
the body to dilute the added salt. An osmotic equilibrium is reached 
between 15 and 30 minutes after injection, and the mean value of the 
“available” water is 59 p.c. of the body weight. This is nearly equal to 
the total water in the body, so that nearly the whole of the water present 
in the tissues is available to take part in osmotic interchanges between 
blood, tissues and cells. 


I am much indebted to Prof. A. V. Hill for suggesting this research 
to me, for the loan of a great deal of the apparatus, and for continual 
help and advice during the course of the work. I have also to thank 

Miss H. M. Jackson for much assistance with the earlier experiments. 


The expenses of the reerch were defrayed by grant from the Maical Research 
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HAS THE MUSCULAR SUBSTANCE A LONGER 
CHRONAXIE THAN THE NERVOUS | 
SUBSTANCE?! 


By LOUIS LAPICQUE. 
(Professor of General Physiology, Sorbonne.) 


A RECENT paper of W. A. H. Rushton [1930] opens new methods of 
approach to a problem which had remained unanswered for more than 
20 years: How are we to reconcile Keith Lucas’ results and mine on 
the relation between nerve excitability and muscle excitability? — 

First I shall give a brief account of this antinomy. . 

_Mrs Lapicque and I; in a series of researches, begun i in 1902, on 
the relationship between the duration of an electric current and the 
strength required for the threshold, found that on muscles of all kinds 
the experimental figures fall in a very definite curve. This is in agreement 
with Fick, Engelmann, Hoorweg and G. Weiss. Furthermore, this 
relation has been determined not only for direct stimulation w 
electrodes lie on the muscle, but also for indirect stimulation when the 
muscle is stimulated through its nerve. In both cases the curves are 
similar, or, more precisely, homothetic. They vary only in the height of 
ordinates; the liminal strength varies with the duration according to a 
relation which remains always the same. Nowadays, we say: the rheo- 
base alone varies, the chronaxie remains unchanged. 

- As early as 1905 [Lapicque and Lapicque, 1906] (that i is to say 
three years before we created the word chronaxie) we had made this 
comparison between the nerve and the muscle, and from it we had 
derived the idea of a nerve-muscle isochronism. This was not a necessary 
deduction, but with a contrary experimental result it would not have 
arisen, even as a far-fetched hypothesis. This isochronism, to my mind, 
is most important; it has been demonstrated by numerous experiments. 
- Keith Lucas, on the contrary, in his experiments on the sartorius 
of the toad and of the frog, found that the strength- -duration curve was 
a the curve plotted with the experimental data often appeared 


a Translated from the French by A. Monnier-Dumont. 
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a non-continuous one. His interpretation was that this curve was the 
result of three different curves, which appear at different values of the 
duration scale; in some experiments he found a simple curve which he - 
supposed to be one of the three curves alone. He concluded that to the — 
nerve-muscle complex correspond three excitabilities which can be 
differentiated by the following characters: the strength-duration re- 
lation has roughly the same appearance, but is more or less elongated 
along the time axis. This is what Rushton translates in terms of 
differences of chronaxie. Keith Lucas thought that a different sub- 
stance accounts for each excitability. The slow curve which he called a 
would correspond to the muscle. The y curve which is about ten times 
quicker would belong to the nerve and £, which is extremely quick, 
would correspond to a substance intermediary to the nerve and mavuole. 
This is what Keith Lucas says [1907, Pp. 131, 132]: 


Experiments made on the pelvic end of the sartorins muscle of the toad yield always 
a simple curve, whose form is remarkably constant. This curve must belong to an excitable 
substance contained in the muscle fibres themselves (substance a). 

‘In the sciatic nerve trunk of the toad a simple curve is found belonging to a substance 
whose excitatory process is more rapid than that of a. This is the substance y, 

When experiments are made on the middle region of the sartorius of the toad six sorts 
of curve are found; but these are seen to consist of the a and y curves already described, _ 
of more rapid than either's ory, anid of various ‘com- 
binations of these three simple curves. 

_ The acurve of the middle of the sartorius is recognized by its similarity in time relations 
to the curve found in the pelvic end of the same muscle. 

The y curve is recognized by its similarity to that found in the nerve trunk, and by its 
disappearance after weak doses of curare. 

In the pelvic end of the sartorius then one stimulates only a single substance (a). This 
substance is disteibuted throughout the length of the muscle fibre, and is scarcely affected 
by strong doses of curare. 

The nerve trunk contains a substance (y), whose excitatory process is more rapid than 
that of a. This substance is frequently excited when the electrodes are applied to the middle 


region of the sartorius muscle. eo 
after weak doses of curare have been given. 


First of all we must settle the question whether the pita Gideon 
curve of a given muscle is simple, always similar to itself, as I found it 
to be in my numerous experiments, or whether it is composed of several 
simple curves which are found either alternately or combined. 

Keith Lucas and I had been on most friendly terms ever since 1908 
until the war which deprived physiology of a most prominent investi- 
gator, but we never discussed this question systematically. We were to 
meet in August, 1914, to elucidate this point! I must confess that I did 
not believe in the reality of these discontinuities in Keith Lucas’s 
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curves, even from a purely experimental point of view. I thought them 
to be easily explained as incidental variations. The discussion of this 
point which I give in my book [1926] is based on this ground. My 
scepticism was due partly to the fact that.in thousands of experiments 
_ done by myself or my collaborators we never found those discontinuities, 
a "and partly to the fact that the phenomenon observed by Keith Lucas 
was very slight. 
In Rushton’s experiments the phenomenon is obvious. He finds, 
unquestionably, two distinct curves which he assimilates, and rightly 
so, to Keith Lucas’s a andy curves. I repeated these experiments and 
found immediately the same results, so that I give up the purely negative 
| opinion expressed in the twelfth chapter of my book. But then, we 
must, first, understand why the true factors of stimulation are so. 
different in the Cambridge school experiments and in the Sorbonne 
experiments, and second, we must determine if one case corresponds to 
the muscle stimulation and the other to the nerve stimulation.. Rushton 
| rightly emphasizes the interest of this far-reaching discussion. It is not 
that the second point is concerned’ with the nerve muscle iso- 
| | chronism, and with it all the deductions drawn during 25 years (the 
chronological theory of curarization, the physical theory of the nervous 
functioning), but the first point concerns chronaxie itself (or, at least, 
as Rushton states, its measurement which has become. classical). Its 
definition itself ‘‘The duration necessary to obtain the threshold when 
the intensity is twice that of the rheobase” calls for a simple curve. _ 
a I emphasized this postulate for the legitimacy of chronaxie: a 
strength-duration relation which is the same always and everywhere. 
I have shown that this postulate has been met by all my experiments 
in a wide range of excitable substances. It has not been met by 
‘Rushton’s experiments; the discrepancy is even greater than the author 
himself thinks. Chronaxie has almost nothing to do with Rushton’s. 
experiments, and if I admit, for his experimental conditions, two 
strength-duration curves, with different chronological characteristics, 
I cannot see two chronaxies even “in abstracto” and without considering 
the opposition with all the demonstrations of the nerve-muscle iso- 
chronism. I do not raise a theoretical debate to get rid of an embarrassing 
fact, for I intend to demonstrate further that the @ curve cannot in 
‘any case characterize the muscle -~-::=bility; we are concerned with a 
particular phenomenon which has still to be studied; for the purpose of 
this study we must try to know with the greatest accuracy possible its 
time function. : 
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The curve is always convex toward the origin, it runs asymptotically 
to the ordinate axis and merges for long durations with a parallel to the 


time axis located at a certain level. This general shape has been recognized — 
by Fick and Engelmann contrary to Du Bois Reymond’s law; it 


has been assimilated by Hoorweg and later by G. Weiss to a rect- 
angular hyperbola. But I showed that this approximation was not 
sufficient; if expressed by the liminal quantity of electricity, it would 
be represented. by a straight line; actually it is a curve in the shape of a 
long. S upside down. The theory of excitation is not advanced enough to 
give a corresponding rational expression; only the cesses near the 
can be with Nernst formula: 


i= 


wlaniad i= liminal current strength, ¢ = duration of flow, K = heb: 
The following empirical formula allows an accurate Buse bone of 


the whole curve: — 


The chronaxie has been defined independently of any ‘eiates but 
in order that the point of the curve chosen as the landmark of the 
chronological characteristic should have @ meaning, every other experi- 
mental *‘point” must be, within the limits o on curve ex- 
by the above formula. 

In order to test any experimental curve it would to 


casi. especially if the figures are not given. A graphical test can — 


be made in the following way". If the ordinate of'the rheobase is made 
equal to 1,:we must get approximately the following values for the 


wes 
é 


i we plot these values pn. any ordinate and if we draw stnnight lines 
passing through the points thus defined and meeting at.a point arbitrally 
located on the time axis, any ordinate will be cut by these lines at 


*T imagined this procedure when Rushton ‘asked me in a friendly letter how to 
recognize a true chronaxie curve. 
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heights which have between themselves the ratios given by the above 

_ Fig. 1 represents such a chart, which I call “canon,” of the stimulation 
curve. With this-chart and a given curve the procedure is the following: 
we take a rectangular piece of paper ABCD on which we mark off along 
the line BA the height of the rheobase; then we place the side BC of 
this sheet of paper on the horizontal axis XY of the chart and make it 
slide either to right or left in order to bring the mark to the height of 


4 


| 
Fig, 1. Canon for testing the strength-duration gurves, 


the inclined line designated ‘as oo. Then on the same side AB of the sheet 
of paper let us mark the heights of the lines designated as 37, 2r, 7, 
1/2, 7/4. The sheet of paper thus graduated is taken back on the curve, 
the side BC being placed on the time axis;.we move it from right to left 
in order ta obtain the intersection of the 7 mark with the curve; the 
abscissa point thus determined would represent the chronaxie. Then we 
move the sheet in order to bring it successively to values of a }, a } or 
twice or three times this abscissa value, and for each position we mark 
on the curve the corresponding ordinate. Thus we get a curve which 
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I call “‘canonic” and which we can compare with the experimental curve 
to see how it is similar or different. 

‘To give an example, let us apply this method to the curve for 0° of 
Rushton’s Fig. 1 (the first a curve to be met in his paper). tise 
typical a curve complete and smooth. © 
* On Fig. 2 of the present paper this curve is reproduced by solid 
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Fig. 2. An a. curve of Rushton (solid line) compared to canonical curves of stimulation, 

.. GChronsaxie being taken either at 5 or 8c. Q and Q corresponding quantity curves 

(Qexperimental figures). 

line. The “canonical” curve given the (here 

reached to and the corresponding 7+ (to 

‘ line. The two curves are very different. 

_ But we notice that the experimental value for t = oo is appreciably 
below the value for ¢ = 300; the appearance of the curve would seem 

to indicate a higher horizontal asymptote. In any case the normal curve 
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of stimulation, after reaching the experimental points for 15, 20, 300 
would certainly stop its descending phase for a higher rheobase. This 
prolonged descending phase induced me to think, for a time, that we 
were dealing with a “break” stimulation, actually often characterized 
by a long descending phase. But I had to give up this hypothesis from 
the very first experiments. There is nevertheless something abnormal 
which remains and which practically becomes very serious when we want 
to characterize the curve chronologically by the abscissa of the point 
where it has reached twice the height corresponding to the long durations. 
Must we take the liminal value for long durations as we found it experi- 
mentally for practically infinite durations? or as it would appear for a 
duration around 100c? Keith Lucas bore in mind this question, for 
his @ curves had the same features as this one. In a paper [Lucas, 
1907 a] he had chosen the first solution, in a following paper [1907 6] he 
adopted the second one and gave the reasons for it. Thus the time which 
characterizes a given curve varies from 17 to 7c. How could we speak 
of chronaxie when the rheobase is so uncertain? Rushton’s curve that - 
we have considered seems to tend towards an asymptote of 25, the 
corresponding duration to a value twice as big is 5c, but we cannot yet 
consider this value as a chronaxie, for the canonical curve drawn with 
these two new parameters (indicated by a broken line on Fig. 2) is also 
not similar to the experimental curve. Thus we do not avoid the dis- 
crepancy if we change the parameters: we are dealing with another time 
function. | 


Can we try to determine the real function? 

- Rushton does not give his figures. And the curves of his charts are 
too different from one another. 

_ On the contrary Keith Lucas’s a curves are more » honicgunseus and 

the publication of his figures allows a precise study. | 

Ever since 1926 [Lapicque, 1926, p. 260] I have called attention 
to the fact that these curves do not possess a genuine chronaxie, but 
I thought that the discrepancy with the canonical law was due to 
incidental errors and I tried, putting aside these errors, to bring back 
some of Keith Lucas’s complex curves to a simple curve. Now that 
I have been convinced of this complexity by Rushton’s experiments 
and my own verifications, I am ready to interpret them otherwise. 

Let us take for instance Keith Lucas’s Fig. 8 where we find a definite 
a curve and a f curve that we shall not consider at present. The point 
No. 8 (if we start with the long durations) throws the experimental 
quantity curve much above the “canonical” quantity curve (see Fig. 47 
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of my book). But there is # formula that I have studied in the past 
[Lapicque, 1907], which presents the same — Te is the expo- 
nential formula, 


vine = inl sng duration ine 


1 

> 


line) and to the canonical curve (broken line). Q, experimental quantity curve; 
Q’, canonical quantity curve. 


‘Tf we take a = 0-4 and @ = 7c this formula (I) follows the experi- 
sisal figures in a most precise way, while the canonical curve (IT) stays 
systematically apart. 


“values from from IT 
14 0-45 O46 048 
7 0-65 0-64 0-69 
3-5 107. 1-05 0-98 


- - - 
— — — 
‘ 
Ass 
~ 
1 
» 
4 
ty 
4 
wg 
+ 
r 
x 
> 


MUSCULAR CHRONAXIE. 


_ All Keith Lucas’s a curves are not so exactly expressed by the 
exponential formula, but they are always much closer to it than to the 
canonical curve. Compared to the latter, their curvature is more pro- 
nounced and they have a steeper ascent for short durations. 
r, Sometimes they are even further from the canonical curve than the 
exponential curve itself. Fig. 3, where Keith Lucas’s experiments 
Nos, 13 and 14 are represented and compared to the theoretical c 
shows such an example. | | | 


0 
Fig. 4. Curve A from Rushton’s Fig. 7; Q, corresponding quantity curve. 
| 15 
Dotted curve representing 


On the contrary Rushton’s curve, shown in Fig. 2, has a less 
pronounced curvature and is flatter for the short durations. The corre- 
sponding quantity curve Q shows for such durations an exaggerated 
concavity toward the time axis. But the curve A of his Fig. 7 is very 
close to the formula ;~°,, the quantities as far as they can be calculated 
on millimetre paper remain constant for the short durations (Fig. 4). — 

Some others. are intermediate between those two forms, and they 
may, by chance, come close to the canonical curve. But we cannot 
recognize in Rushton’s experiments a typical form for the a curve and 
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consequently we cannot use for this phenomenon a time constant, not 
even an approximate one. 

In a single experiment we find different shapes for the portions of 
curves corresponding to a. Let us take for instance the experiment 
represented by Rushton’s Fig. 2 with the a curves for the angles 30°, 
60°, 90° between current and muscle. These are reproduced in my Fig. 5 
by @ solid line after having been reduced to the same value for long 
durations. On the first two we can mark the point where they reach the 


Fig. 5. 3a curves from Rushton’s Fig. 2; canonical curves, broken lines with 
the same rheobase for 30° and 60°. The chronaxies are marked by arrows. 


double value (the point is marked by an arrow on the figure), but are we 
right in assuming that the corresponding abscisse can be taken as 
chronaxies? The canonical curves including these chronaxies are plotted 
with broken lines, and we readily see how different they are from the 


experimental curves and also how they differ each in its own way. The 
60° curve has a steeper ascent and is very similar to an exponential 


curve. The 30° curve is flatter. Let us admit, nevertheless, as an approxi- 
mation, that we take as characteristic values these ‘pseudo-chronaxies. 
130. 
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_., Where would be the chronological characteristic of the a substance 
or, in other words, the chronaxie of the muscle considered, in the con- 
ception that we are discussing, as different from that of the nerve? 

In the experiments that I have made, following Rushton’s way of 
operating, I also found this great variability of the a curves and the 
impossibility. of determining a time constant characterizing a long 
chtonaxie substance. Moreover, I found that the arguments brought 
forward with.a view to identifying these curves with the excitability of 
the muscle are not correct from the experimental point of view. 


Rushton uses two different kinds of apparatus. The first consists in 
a rectangular trough with two opposite sides fitted with Ag-Ag(l 


. electrodes, The trough is full of Ringer solution, thus the current flows 


in parallel lines. A frog sartorius is immersed in the fluid and set up at 
a definite angle with the current. 

As a first approximation, we considered that the accuracy of 
parallelism was not necessary, so that I used a round trough of about 
12.cm. in diameter (a Petri dish). The frog sartorius is placed straight 
on @ microscope slide with some moulding wax on its ends. The muscle is 
set up with two pins stuck in the wax, or better with two vegetable 
thorns (of roses or blackberries for instance) so as to avoid the 
possibility of perturbation in the electric field by metallic pins. These 
thorns are not placed through the sartorius itself, but through portions 


of adjoining muscles aponeurotically connected, which have been left 


for that purpose during the dissection. Thus the muscle can be immersed 
at the bottom of the trough under a layer of 1 cm. of Ringer solution. 
The stimulus was a constant current and the durations limited by 
my chronaximeter. As electrodes, I used two spirals of silver wire or 
two silver slides; their immersed surface was about a square centimetre; 
they were placed at the two ends of a diameter passing through the 
middle of the muscle. These conditions are very similar to Rushton’s. 
After three or four experiments, I was convinced that Rushton was 
right in his results, at least as far as the existence of a strength-duration 
curve widely elongated along the time axis, still descending obviously 
from 25 to 100c, and with a pseudo-chronaxie which was difficult to 
determine accurately, but was of the order of one-hundredth of a second ; 
and another curve with a more sharply defined rheobase, though often 
distinct from the threshold for t= 00, and a chronaxie, or pseudo- 
chronaxie, in any case more defined and of the order of a thousandth of 
a second. That is to say two types of curves, say a and y. 
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But, if we do not consider the perpendicular direction of the current 
(a condition which I did not think very clear, and which in any case 
I could not fully realize with my apparatus), the conditions for the 
appearance of one type of curve or the other seemed to me rather 
uncertain. For example, when the electrodes were placed at. each end 
of the same diameter as the muscle, we generally got, like Rushton, 
an a curve for the current flowing either way; but once y was entirely 
substituted for a when the electrode at the pelvic end was changed from 
cathode to anode. The curves obtained as a result of the combination 


of a and y are not favourable for an analysis. I therefore changed the 


apparatus, keeping one electrode amid the fluid and replacing the other 
by a thin and straight silver wire which came in contact with the muscle 
itself through the liquid. A double pole double throw switch was put 
in the circuit to avoid polarization which might come from the asym- 
metry of the electrodes. Thus the thresholds were measured, the muscle 
being observed through a magnifying glass. After each reading, whatever 
the result, the current was reversed, keeping the strength and duration 
the same. 

_ This procedure gives a much better discrimination. As a general rule 
we found a y curve when the wire was cathode and an a curve when it 
was anode. 


One of my first experiments with this apparatus was made on October 


9th? on the sartorius of a R. fusca which had been in the laboratory for 


a long time. A thin electrode B touches the muscle in the middle of the 


distal third, a wide electrode A is placed in the solution at the periphery 


of the trough in the axis of the muscle at about 2cm. from it and 


successively on the distal end (series E) and on the pelvic end (series IT). 


I It 
Time in o A- B- A- B- 
re 1-9 2-7 25 3-3 
100 2-1 3-0 25 32 - 
41 7-0 3-0 4 
25 10 3-3 8 3-4 
14 17 36 14 
9 3-8 4-0 
2-3 8 7 
1-2 — | 12-13 — 12 


Fig. 6 shows the figures for liminal voltages expressed in arbitrary 
units (twentieths of a battery of 8 to 20 volts, 7 000 ohms of non-inductive 
resistance in series with the trough). 


a Here I wish to thank Rushton who had the courtesy to send me in advance a type- 
written copy of his paper published in December, 1930. 
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Fig. 6, Curves obtained with a stigmatic electrode B either cathode or anode; a 
*‘fluid” electrode A placed either at one end of the muscle or the other. i 


0 20 50 100 


| Fig. 7, Same as Fig. 6; more vigorous frog. 
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We obtain two distinct curves according to whether the cathode be 
amid the fluid or “stigmatic”; the direction of the current matters not 
at all or very little. Both curves are more elongated along the time 
axis than the others we obtained later on. But the muscle pemnget to 
a frog which had remained a long time in the laboratory. 

Another experiment of the same type, Oct. 11th. Sartorius from a 
vigorous R. fusca newly arrived in the laboratory, B is located between 
the distal third and the medium third. Two successive series of deter- 
minations are made at the same conditions. 


B- 
1000 8-5 7 3-5 5-5 
“50 40 8 3-5 7 
20 4-0 9 3-5 11 
10 re 12 3-5 14-15 
5 4-0 14 35 16 
15 3-7 17 
2 5 15 46 >20 


These four series of figures are plotted in Fig. 7. The figures for B 
cathode are marked with a cross; those for B anode, on a scale of 
ordinates twice smaller, are marked with a circle. Ata glance we recognize 
in the first case two y curves, in the second, the two curves are complex, 
but @ prevails. 

Thus the position of B allows us to choose for the first case the 
“impact” to suit our convenience. Such being the result we thought of 
testing Rushton’s assertion repeated from Keith Lucas: the im- 
possibility of obtaining ay curve on the nerveless portion of the sartorius, 
that is to say, according to the classical knowledge, the pelvic third. . 


Experiment of October 14th. Sartorius of a fresh R. fusca, length of 
muscle 32 mm. The B electrode is placed first in the middle (B,) and 
second at 6 mm. from the pelvic end (B,). A is in the same axis as the 
muscle on the pelvic side. 


B,- B,- A- 

1000 2-2 2-1 2 
50 ek 2-2 2-8 
30 2-4 2-4 3-4 
20 2-7 ss 4-0 
10 2-9 2-5 5-2 
5 3-6 2-5 73 
3 4-2 
2 4-6 3-3 8 
1 48 9 
100 - 22 28 29 
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; Fig. 8 shows that B, stigmatic cathode in the nerveless region gives 
a typical y curve, its ascending phase starts only below 5c and reaches 
a double value for lo. It can almost be entirely superposed to the y curve 
in the preceding experiment when the stigmatic cathode was near the 
middle of the muscle and where the current, at any rate, flowed through 
the region of the motor point. Most of the A curve (when B, is anode) 
is of the a type with a retrogression around 40 and a little curve which 
must be a y curve!. 

I thought it necessary to confirm this experiment and to insure, as 


10 | 200 30 50 100 
Fig. 8. Same as Figs. 6 and 7. Change in the position of the stigmatic electrode. 


much as possible, the localization of the “impact,” though in the 
preceding experiment it is difficult to imagine a stimulation outside the 
range AB, the current flow which might occur behind B not being 
important enough to be taken into account when compared to the density 
between A and B. As a matter of fact, the observation through the 
magnifying glass shows clearly the origin of the contraction in the pelvic 
end of the muscle, under the B electrode (when it is cathode and gives 
ay curve). Nevertheless, we have made other experiments where we took 
special care in covering the medium and distal part of the muscle with 


2 Unless it is considered too quick; then we would think of Keith Lucas’s £. 
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moulding wax in order to prevent any escape of the current to these 
parts, and where B was placed very near the pelvic end. 

Experiment of October 15th. R. fusca 3; sartorius, 26mm. long; 
B placed at 2 mm. from the pelvic end; 20 mm. of muscle covered with — 
moulding wax starting at 4 mm. behind this electrode as far as the other 
end. 


B- A- 
1000 23 3-2 
50 2-3-2-4 3-2 
20 2-5 3-8 
10 2-6 45 
3 50 
3 3-4 
2 4°3 9-0 
0-8 
A 
0 20 50 100 
Fig. 9. Stigmatic electrode very near the pelvic end, the whole muscle protected 


against any current derivation. 


In this experiment not only does B give ay curve but the A curve is 
very similar. The chronaxie or pseudo-chronaxie is, as always, rather 
indefinite, but can be estimated between 1 and 2c for B cathode and 
between 2 and 3¢ for A cathode (see Fig. 9; to give a more direct com- 
parison the figures for A are reduced to two-thirds of their value and the 
coincidence is almost obtained for the time 20). | 

A second similar experiment gave the same results. - 

_ Kaperiment of October 16th. R. fusca, Sartorius quickly operated on. 
Dissection started at 17.50; first reading at 18 o’clock. All the medium 
and distal part of the muscle (20 mm.) covered with moulding wax. The 
stigmatic electrode is placed in the middle of the pelvic part left: free 
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(6 mm.), that is to say at 3 mm. from the pelvic end. en 
axis a8 the muscle, on the pelvic side, 31 mm. apart. 


B A 

(10 3-0 
10 3-2 
0 10 3-7 
5 1-1 6-0 
3 1-2 6-8 
2 1-6 8-4 
0-8 


0 | 100 
Fig. 10, a and y curves obtained in the same conditions as for Fig. 5, with a longer 
part of the muscle between the pelvic end and the stigmatic electrode. : 


B cathode gives a true y curve while A cathode gives, this time, a 
quite different curve but yet very rapid for an a curve (pseudo-chronaxie 
for 4 or 5e instead of lo + « for B cathode (see Fig. 10); the figures for 
B cathode are multiplied by 3). When A is moved much nearer until 
it comes in contact with the parts of adjoining muscles still attached at 
the pelvic end (4,) we hardly change the chronological characters of y; 


B-(A,+) By~ (Ag+) 
1-7 


100 2-2 
2-4 1-7 
10 25 18 
5 1-9 
3-0 2-2 
2 4-2 
10 ‘5. 
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from the pelvic end (B,). | 

It seems quite clear to me, from these experiments, that the sucedlens 
portion of the sartorius can produce ay curve. 

The following experiment aims at comparing the y curves of the same 
muscle according to the position of the stigmatic electrode. (The 
experiment of October 14th gave an abnormal curve B,, similar to some 


of Rushton’s that I described before.) 


Experiment of October 18th, The electrode A is placed as previously 
in the same axis as the muscle and at about 3 cm. from its end, the 
stigmatic electrode is placed successively at 2 or 3 mm. from the pelvic 
end on the outside of the ventral part of the muscle (B,), then in the 
middle of the same side (B,), then in the middle on the other side (on 
the back) (B,). 

Finally, for this last position we determined the curve for 4 cathode. 


B- 
50 22 5-8 2-6 
20 2-2 4-5 
10 2-2 3: and 8-0 
2-3 3-2 58 13-0 
2 3-1-3-3 7 9 _ 

1 4:5 16 
10 2-1 3-2 500 2-4 


_ The three curves for B cathode are y curves and have about the same 


_ chronological characters as we can see on Fig..11 (the figures for B, have 


been divided by 2); in other words the pelvic end, deprived of any nerve 
as well known, shows here the same quick excitability as the central 
part. On the other side when A is negative and B positive in the middle 
of the muscle, we get a typical a curve; pseudo-chronaxie at about 20c, 
while for the three other curves for B — it is only a little more than lo. 
_ These time factors are those generally obtained when the current 
flows along a sufficient length of the muscle*. When this length falls 
below 1 cm. the pseudo-chronaxie of a is reduced, the more so as the 
length becomes smaller. On the contrary y is independent of this con- 
dition and is obtained with a stigmatic electrode placed anywhere on 
the muscle. It does not seem possible then to attribute this curve either 


1 For the three series with B cathode there were 4 volts in the circuit (7000 ohms in 


series with the trough). For A cathode the resistance was the same but the total voltage 


was increased to 12 volts, in other words the units of this series have a value three times 
bigger than the ones for B-. 


* To be studied in a succeeding paper. — 
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to the nervous substance or to the motor end-plates in oppositi ion to the 
muscular substance. | | 


4 


0 20 50 100 

Fig. 11. 3y curves obtained for different positions of the stigmatic electrode. The time 

constant remains the same whether this electrode be in the middle, B,, B,, or in the 
nerveless portion of the muscle, B,. : 

_ The study of a curarized muscle brings about the same conclusion. 

Experiments of October 9th and 10th. R. esculenta. 30 g. injected with 

1 mg. of ticwna curare, able to give curarized paralysis for a dose of 4 mg. 
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Paralysis is obtained in ® quarter of an hour. We uncover the lumbar 
nerves and we see that after one hour no pelvic muscle can be stimulated 


through this nerve; the sartorius was.one of the last to be paralysed. 


This muscle was then dissected and arranged as previously, the stigmatic 
electrode B on the middle; A, the diffused electrode, on the pelvic _. 


A- B- 
= 0-7 0-7 
11 
25 146 
14 2-0 10 
9 2-5 1-1 
4°5 3-5 1-2-1:3 
70 2-2 
The muscle remained in Ringer solution 
circuit being — the same, we get: 
1000 3-2 2-5 
45 
25 3-4 8-0 
14 3°5 14 
4:5 5-2 
23 7 
12 


‘The appearance of the curves is similar to those obtained the day 
before. 

The two curves of the 9th are plotted in Fig. 12. They are quite 
distinct; the one for B — is slow for ay curve while the one for A — is 
quick for an @ curve. It is quite difficult to specify a definite pseudo- 
chronaxie on account of the uncertainty of the rheobase. It is between 
8 and 26e for 4 —-and between 1-4 and 3o for B—. The next day the 
double processes remain with a pseudo-chronaxie | of about 3c for B— 
and at-least 250 for A- . There i is evidence of two processes of distinct 
stimulation, but can we say of two excitable substances? If so, what 
are they? 

But Rushton, following Keith Lucas, declares that y disappears 
after curarization!;~We must then repeat the experiment with conditions 


similar to his. On the same day, October 10th, we gave another frog a 


double dose of curare (2 mg.). The complete inexcitability through the 
lumbar nerves is verified. Then we used our very first apparatus with 
two fiuid electrodes placed first in the same axis as the muscle, B on the 
pelvic side, A o on the distal side; then in such a way that the line BA cuts 


4 Asa matter of fact Keith Lucas finds again a rapid curve which he names 6. 
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the muscle. axis at an angle of 30°. In the second case we get two very 
distinct curves, one for B, — typical of y though its chronaxie or pseudo- 
chronaxie reaches 2:5, perhaps 3-5c; and the other for A, — typical of a 


_ with a descending phase of 50 p.c. between 25 and 100c; consequently 


we could admit a pseudo-chronaxie of 250; but considering durations 
below 250 we could see another pseudo-chronaxie between 10 and 12c. 


Fig. 12. a and y curves obtained for a curarized muscle—the stigmatic electrode 


> For the first position of the electrodes, current parallel to the muscle, 
we get the same strength-duration relations for the current flowing either 
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way and almost intermediary to a and y found just above. I do not 
know how: to interpret this result; but it is clear that a really curarized = 
muscle which no longer responded to - indirect stimulus gave im one =} 
case an unquestionable y curve. 

Those figures are plotted on Fig. 12 with schematic representation 


of the electrodes. 
_ Other experiments with curare. On October llth the second sartorius 


0 10 | 20 25 00 co 
Fig. 13. Different curves obtained on s curarized muscle with two “fluid” electrodes. = 
of the frog used already for the experiment described above (Fig. 7) was 
mounted in the same way (the stigmatic electrode at the junction of the 
distal third and the middle third and the diffuse electrode on the pelvic 
side) in a Ringer'solution with a dose of 1 p.c. curare. Immediately we 
obtained the following figures on p. 211. - 
‘The B— series was made twice: once going down the scale of durations, _ a 
the second time going up. The curves A, B (Fig. 14) thus obtained before 
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0 | SO" 100 oo 
Fig. 14. Stimulation in a curare solution—the action of the poison transforms 
the A, and B, curves into A, and B,, everything else being equal. 
the action of the curare had taken place are very similar to those obtained 
on the symmetric normal muscle (cf. Fig. 7). Wecan see a and y with their 

Then we left the muscle for one hour in this same fluid and we obtained!: 


1 As we assumed that the liminal voltages for the short durations would be still higher 
we took off the additional resistance of 7000 ohms, but then we were obliged to reduce the 


voltage from 20 to 8 volts. 
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B- 
A 

20 14 8616 13 
5 16 38616 20 22 
3 156. 16 22 23 
2 19 8620 256 30 

2:8 35 8 40 


We still got a y curve for B —; for A — the curve is also y for short 
durations, while for long durations we get a portion of a curve, but not 
very different from y (B, and A,, Fig. 14). 

curare. We waited until the indirect inexcitability was complete, then — 
placed a sartorius in Ringer solution, the stigmatic electrode B in the 


B- 
100 1:4 
1-5-1-6 
7-0 2-0-2-2 
95-10 33 
3 11-5-12 
2 15-16 


We still find two curves, but relatively close together; B— is un- 
questionably a y curve though with a longer chronaxie than usual, 3c. 


_ A-— can be taken for an a curve at least for its part between 100 and 100 


with a sharp pseudo-chronaxie around 120: there is probably a start of 
a y curve below 10c, but unfortunately not realized at the time of the 
experiment and consequently not followed... 

Thus, on a curarized muscle, either by injection or by addition of 


the poison to the fluid, we are sure to find again, with a stigmatic 


electrode a y curve, only slightly slower. When the stigmatic electrode 
is anode with a diffused cathode in the muscle axis we get an a curve 


which is not only no longer, but at times rather shorter. 


The method with two diffuse electrodes, similar to Rushton’s, can 
give the same results, 


1 For A — we were obliged to take off the additional resistance. We noted then that 
the threshold for the break stimulus was obviously lower than the threshold for the make 
stimulus, but for a very long duration; eo 
stimulus. 


/ 
« 
ine 
A 
aS 
if 
NA 


MUSOULAR CHRONAXIE. 213 


SUMMARY AND CONCLUSIONS. 


The following-results are brought forward from my own experiments. 

1. A fresh and normal sartorius placed straight in a Ringer solution 
and stimulated through the solution without any direct contact with the 
electrodes is subject to give two very distinct strength-duration curves, 
one of them being spread over several hundredths of a second. 

This fact had been previously asserted by Keith Lucas on evidence 
which I did not find convincing. It was clearly demonstrated by 
Rushton, whose work I confirm on this point. 

So, I recognize for the muscle (placed in the above described con- 
ditions) two kinds of stimulation: an @ stimulation relatively slow and 
a y stimulation relatively quick. 

2. When only one electrode is “fluid” and the other composed of a 
thin wire (stigmatic) placed in contact with the muscle in the solution, — 
we get a pure y curve when the stigmatic electrode is cathode and a pure a 
curve (or at least most of its length) when it is anode (this is a new 
contrivance allowing a deeper insight into the phenomena). 

3. The same y curves are obtained when the stigmatic cathode is 
placed anywhere on the muscle (whether on the pelvic part which is 
nerveless or on any other part). This is not a direct contradiction of 
Keith Lucas’s and Rushton’s experiments, as these authors have 
never operated in the same conditions, but it disagrees with their 
identification of two hypothetic substances a and y. | 
_ 4, Curare when applied at such doses as to cancel any indirect 
stimulation and even at much higher doses, keeps the two distinct curves 
(with or without a stigmatic electrode). The « curve is almost entirely 
unchanged, the y curve is slightly slowed down. 

The result regarding a is in agreement with Keith Lucas and 
Rushton, while the one for y is in formal contradiction with the con- 
clusions drawn by these authors from their experiments, though Keith 
Lucas found again a rapid curve. In any case the persistence of the 
y curve is, as much if not more than the preceding fact, in disagreement 
with the conception of a muscular substance a and @ nervous one y. 

Furthermore, the a curves obtained either by Keith Lucas and — 
Rushton or by myself do not possess, as a rule, the shape that I have 
constantly found on most different kinds of excitable substances, a 
necessary condition for the notion of chronaxie. Those curves would 
frequently follow an exponential formula with a different time constant. 

It seems to me necessary to investigate whether they are not the 
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representation of another phenomenon different from the electric 
stimulation which I have considered from the physiological point of view 
and which has been theoretically studied by Nernst, A. V. Hill, 
myself and. others. I have started such a research. I can say already 
that the a curve seems to me to have less to do with the special qualities 


of the excitable substance than with the particular conditions realized — 


when electric stimulation comes through a eer more conducing than 
the living substance itself. 

Thus, the main reason for the difference between Keith Lucas’ 
results and mine would lie in the use: by this author of fluid electrodes, 


_ the muscle being more or less dipped in Ringer’ 8 solution.. 


On the contrary, in every one of my previous experiments the muscle 
was in air, that is to say in an insulating medium, the current entered 


and especially came out at a very definite point. 


Compared to.Keith Lucas’s, Rushton’s results are more e obvious 
because in his experiments the muscle is entirely immersed ; this increases 
the effect of the solution. 

In any case, whatever the explanation of the a curve, the results (3) 
and. (4) prevent any interpretation of this curve as a characteristic of 
the muscle excitability, different from the nerve excitability. 

_ The law of the nerve muscle isochronism is based on a bulk of 
demonstrations that we would have to refute one by one if we wanted to 


substitute for it heterochronism: but in fact there is no antinomy to— 


solve between two series of experimental results. Perhaps there is only 
need to acknowledge, as Keith Lucas has done from another stand- 
point: “the experiments made in Ringer’s fluid to be in a rene 
degree abnormal and artificial” [Lucas, 1908, p. 478]. 


_ I shall put this point to the proof in a succeeding paper. — 
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THE GROWTH EFFECT AND TOXICITY OF SOME 
_ HALOGEN DERIVATIVES OF THE ISOMERIC 
MONOHYDROXYPHENYLALANINES. 


MARSHALL. 


‘(From the esate Laboratory, Institute of Animal Genetics, 
of Edinburgh.) 


INTRODUCTION, 
THE synthesis of certain bromine and iodine derivatives of the isomeric — 
monohydroxyphenylalanines by the author in conjunction with Mr 
W. P. Dickinson [Dickinson and Marshall, 1929, 1930], led to 
experiments upon the effect of these compounds on growth and upon 


their toxicity, by means of which it was hoped to gain some information 


as to the relationship between physiological action and chemical con- 
stitution. 

Many previous workers have used tadpoles to demonstrate the effect 
of thyroid extracts, and Romeis [1923] showed that a brief immersion 
in dilute solutions of thyroxine produced the effects typical of meta- 
morphosis after a latent period of a few days. This observation was 
confirmed by Gaddum [1927] in a communication in which he suggested 
the use of tadpoles in the standardization of thyroxine preparations. 
He considers that the appearance of legs, change in volume, or change 
in weight are unsatisfactory criteria of the potency of an extract, and 
he therefore adopts the change in length as an index of activity. This 
has been done throughout the present work, whilst the change in — 
of me body was also — 

Mersops. 
Batches of tadpoles were immersed for 24 hours in not more 
than 100 ¢.c. of a solution of the substance to be tested, the pH being 
adjusted in all cases to about 8-5 with 0-1 or 0-01 N sodium hydroxide. 
Controls with both distilled and tap. water at this pH showed, as was 
expected, that there was no effect due to the alkalinity of the solutions. 
The tadpoles were then immersed in tap water, placed at intervals on 
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a piece of wet filter paper, and measured when they were quiet and fully 
extended. The diet was exclusively hard-boiled white of eee: ¥ which like 
the tap water was renewed daily. 


Thyrovine. Gaddum (loc. cit.) found that both natural and synthetic 
thyroxine exerted a powerful effect on tadpoles in a concentration of 
1: 1,000,000 or even less. The synthetic product (Schering) was included 


in this series of experiments to act as a control of the technique, although 


much greater concentrations were employed. A 1:1000 solution killed 
sixteen of the tadpoles during the 24 hours’ immersion, the remaining 
four surviving for about a fortnight, during which time their average 
length decreased from 19-9 mm. to 9-0 mm. Very obvious signs of meta- 
morphosis (pyramidal shape of the head and gradual tapering to the 


tail) were visible from the seventh day onwards, and all signs of tail 


had disappeared by the eleventh day after removal from the thyroxine 
solution. Using a 1:100,000 solution all the tadpoles survived and the 
length decreased from 25-3 to 17-6 mm.-in six days. However, all of 
them died suddenly on the eighth day. 

3:5-di-todotyrosine. This substance was kindly prepared by Mr 


Dickinson according to Harington’s method [1928] and a 1:1000 


solution was used, This concentration was well tolerated, as only one 


tadpole died in 24 hours. A decrease in length was observed from the 
_ sixth day and typical signs of metamorphosis from the eighth day after 


removal from the solution. By the thirteenth day the average length 
had decreased to 13-3mm. compared with the original length of 


194 mm., whilst many of the tadpoles appeared to be in a moribund 
condition at this time. 


A of 1:1000 was 
well tolerated, and only one tadpole died in the course of an experiment 
lasting for a fortnight, but there was no effect either on the length or 
appearance. 

4:6-di-todo-m-hydroxyphenylalanine. This compound, in which the 
orientation of the iodine atoms has not been definitely established, 
exhibited @ very marked toxicity. Repeated experiments established 


the fact that it is lethal to 100 p.c. of the tadpoles in concentrations up 
.to 1:4000 in less than 3 hours, and in a concentration of 1:10,000 only 
_ three tadpoles survived 1 day after removal from the solution. Eighteen 
tadpoles survived a concentration of 1:20,000 for 7 days after removal, 


when five more died. A concentration of 1:50,000 was completely 
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tolerated although the tadpoles showed no deviation from the normal 
controls. 

3:5-dt-bromotyrosine. A concentration of 1:500 was completely 
tolerated but produced no effect on metamorphosis. 

5-bromo-o-hydroxyphenylalanine. A concentration of 1:500 was toxic, 
all the tadpoles except one dying suddenly after 18-24 hours, whilst a 
concentration of 1; 1000 was completely tolerated but produced no effect 
on metamorphosis. 

6-bromo-m-hydroxyphenylalanine. A concentration of 1:500 was com- 
pletely tolerated for 24 hours, and only one tadpole died during the 
fortmght following removal from the solution, but nen was 
not accelerated. 


Discussion. 
The results of the experiments i in which thyroxine was used need no 
colainial except that in relatively concentrated solutions (1: 1000) it is 
shown to be toxic. With regard to di-iodotyrosine, the experiments 


indicate that the same result may be achieved by immersion for 24 hours 
in a 1:1000 solution as has been reported by previous workers for pro- 


_ longed immersion in more dilute solutions, although thyroxine is at least 


two thousand times as active in producing definite morphological changes. 
A priori this is what would be expected unless the therapeutic index 
were very small, which is evidently not the case, although no attempt 
was made to determine such index. None of the other compounds 
examined showed any morphological effect in relatively high concen- 
trations even where these were completely tolerated. In the case of the 


‘compounds containing bromine this result is not unexpected, but with 


regard to the compounds substituted with iodine which are actual 
isomerides of di-iodotyrosine, the results obtained are interesting because 
they indicate that the activity of the di-iodotyrosine, and more par- 
ticularly of thyroxine, is essentially associated with a hydroxyl group 
in the p-position to the amino acid side chain, and is not merely due to 
the presence in the molecule of organically bound iodine. 

Two compounds, apart from thyroxine in high concentrations, have 


been shown to be toxic without producing signs of premature meta- 


morphosis: these are 4:6-di-iodo-m-hydroxyphenylalanine and 5-bromo- — 
o-hydroxyphenylalanine. On the basis of the foregoing experiments no 
explanation of this fact seems possible unless it be, in the case of the 
first compound, that the combined action of a 3-hydroxyl group and a 
‘halogen atom saxaaenie a toxicity to the compound, a hypothesis which 
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can only be tested when the corresponding di-bromo and di-chloro com- 


SuMMARY. 
1. Di-iodotyrosine is shown to be the only halogen derivative of 
a monohydroxyphenylalanine which exerts a definite morphological 
effect upon tadpoles. 
9. ‘The same result is obtained by a short immersion in relatively 
concentrated solutions as by prolonged immersion in more dilute 
solutions. 


3. 4:6-di-iodo-m-hydroxyphenylalanine is toxic to tadpoles even | 


in a concentration of 1:10,000. No satisfactory explanation of this is 
at present available. 
ba 5-bromo-o-hydroxyphenylalanine i is toxic in a concentration of 
1:500. 

5, A 1:1000 solution of thyroxine kills about 90 p.c. of the tadpoles 
in 24 hours. 
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ON ELECTRIC STIMULATION OF MUSCLE 
THROUGH RINGER’S SOLUTION’. 


By LOUIS LAPICQUE. 
(Laboratoire de Physiologie générale de la Sorbonne.) 


INTRODUCTION. 

In a preceding paper [Lapicque, 1931] I gave a theoretical criticism 
and an experimental control of Rushton’s results on muscular stimu- 
lation [Rushton, 1930]. These results show clearly a double form for the 
strength-duration relationship, that is to say, the a and y curves so 
designated 23 years ago by Keith Lucas, from experiments giving less 


- eonvineing evidence. In my own experiments for 30 years I never found 


such a result. But, when experimenting on a sartorius according to 
Rushton’s method, that is to say, dipping the muscle completely in 
Ringer’s fluid (Keith Lucas dipped it partially), I have immediately 
been impressed by this phenomenon. 

Hence I discard the criticism of Keith Lucas’s figures which 
I published 5 years ago [Lapicque, 1926], and I recognize for these 
particular conditions two curves: a y curve reaching its low and constant 
value (rheobase) in a few thousandths of a second and an « curve 
elongated on the duration scale during several hundredths of a second 


- and even further than a tenth of a second. 


But I cannot admit that y corresponds only to.the nerve excitability _ 
and that the muscle’s own excitability corresponds to «, thus having a 
much longer chronaxie. Indeed with a thin electrode localizing the 
stimulating impact in the pelvic third of the sartorius, the other electrode 
being “fluid” (that is to say, dipped in the Ringer’s solution without 
any direct contact with the muscle), we get for this nerveless region the 
same two curves as anywhere else on this muscle. Moreover, curarization, 
at a dose shown to be sufficient to suppress indirect excitability and even 
for much higher doses, maintains these two curves. 

Moreover, except in a few cases perhaps fortuitous, the « curve is 
not homothetic to the general one on which I based the definition of 
chronaxie. As a rule, the a curves, though rather — 


. more easily expressed by an exponential formula. 


1 Translated from the French by Andrée Monnier-Dumont. 
PH. LXXIII. | | 15 
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represents not so much the excitability of a physiological element, but 
rather the particular conditions of the electric stimulation in a solution 
more conducting than the muscle itself. The present paper is devoted to 
the discussion of this hypothesis. 


INFLUENCE OF THE GEOMETRIC CONDITIONS, 


In the preceding paper we demonstrated a y curve in the nerveless 
portion of the muscle, with a stigmatic electrode quite close to the pelvic 
end, the “fluid” one being on the same side. Thus the current flowed 
only through a short length of the muscle. The y obtained with a stigmatic 
cathode was not altered by this condition. Its time factor was the same 
as when the current flowed through } or % of the muscle. Inversely with a 
“fluid” cathode we get a typical « curve when the stigmatic anode is in 
the middle of the muscle, but the time relation of the curve becomes 
shorter when the length of the muscle introduced in the circuit is reduced. 

The following figures, calculated according to the length, were 
obtained during the experiments previously described: 


Pseudo-chronaxie 
m 
4 of the muscle 20 
6 mm. 10-l2¢ 
3 mm. 4-50 
2mm. 3e 


An experiment of January 8 with two postion for the stigmatic 
anode B + on the same muscle gave similar results: _ 


10 mm, 15-200 
6 mm. 6-80 


Thus, taking as hypothesis that the influencing factor, when there 
is no definite impact point, is the length of the fluid-conducting sheath 
around the muscle, I tried to find out whether the thickness of that 
sheath had anything to do with this phenomenon. 

First we! varied the thickness of Ringer’s solution in the trough by 
means of a siphon communicating with a bottle which could be moved 
up and down. We found that the level of liquid in the trough above the 
muscle had no influence, unless the level was brought flush with the 
muscle, In this case when the stigmatic electrode was in the middle of 
the muscle and the “fluid” cathode in the muscle axis, we obtained some 


As in the preceding paper, every experiment here reported has been performed with 
Madame La picque. 
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curves which could bea curves, but with relatively small pseudo-chronaxie. 
In fact our series of figures was so irregular that we discarded this 
apparatus and chose another one derived from Rushton’s which he 
calls the block. Rushton always operated under a block 1 cm. long. 
To study the influence of the length, we changed our circular trough for 
a rectangular one in glass (a usual pattern in histology). The muscle was 
placed as previously on a microscopic slide; wide silver electrodes were 
immersed in the solution, about 10 to 15 mm. deep; then we could place, 
crosswise, some élides bearing on their inferior surface some cork blocks 
of the same width as the trough and thick enough to go down in the 
solution almost as deep as the muscle. These corks, of different thick- 


nesses, were notched in order to make over the muscle some sort of a 


tunnel varying in length. ; | 

As Rushton remarked, it is evident that the potential drop is almost 
entirely located in the tunnel and that the phenomena resulting in the 
muscle stimulation will also take place there, either at the end of the 
tunnel on the cathode side, as Rushton seems to admit without dis- 
cussion, or in the length itself of the muscle part subject to this potential 
gradient. 

We obtained different results. Rushton gives only a small number 
of experiments on the sartorius and indicates as typical the fact that he 
obtains on all regions of the muscle different combinations of an « and 
aycurve. He seems to consider these two curves as stereotyped each one 
for itself, the only varying factor from one region of the muscle to another 
being the relative importance of « or y in the combination. Things 
appeared to us in a much more complicated way: our curves were not 
only different by their elongation on the time axis but also by their shape. 
Sometimes they conform to the “canon” of the stimulation law (e.g. most 
of Rushton’s curves of his Fig. 8); so, for a time we hoped that this 
block method would allow us to find the conditions which would give 
regularly this shape of strength-duration relationship in Ringer’s solution, 
and from these to calculate true chronaxies. But, as a rule, the curves 
have a quicker ascent at short durations and are more similar to an 
exponential which seems the normal shape for these conditions. At other 
times they are flatter, ascending very slowly along a gentle slope which 
may indicate the combination of two or more processes of stimulation, 
without any distinct “kink.” Our first experiment of this type of 
February 26 is an example of such a variety. Muscle length about 
30 mm.; block 7 mm. placed first between the middle of the muscle and 


the distal side (I), second, between the middle and the pelvic side (I). 
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For each position we noted the figures for the cathode on the distal or 
a side «6 —) and — for the cathode on the pelvic side (P “4 


I Il 
P- P- 
4-0 9-0-0-5 hed 4-8-5-0 
10 40 16 75 8-5 
5-0 12 20 
8 


‘Fig. 1. shapes of sith Ruskson's Kock 
in different conditions. . 


S, is a typical y curve (see Fig. 1); here I entirely agree that it 
representa the nerve stimulation. P, is a typical « curve, almost canonical 
between 500 and lo, with a chronaxie of 7c (admitting a rheobase of 
5 reached for 500; but according to the rule in an electrolytic medium, 
the strength still decreases for prolonged durations, so that there is no 
experimental rheobase). All this is in agreement with Rushton, but P, 
for its part experimentally figured out is neither « nor, and S, is also 
undefinable, except for its part below 5¢ which can be qualified y. Such 
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a complexity would not allow an easy determination of the influence of 
the length of the tunnel. 


Facing this fact, bs the netvous 


= stimulation. From our previous experiments we knew that we should 


not expect « alone, but we still obtained different shapes of curves 
without being able to define the conditions responsible. As a rule, how- 
ever (we have made numerous experiments), the following. _— 0 
quite clear: 

(1) Curare, with either this apparatus or the preceding one, ral 
nearer together the two curves which could be to and 
it accelerates « and slows y. 

(2) The dimensions of the liquid sheath, conducting the barrens 
around the muscle, influence the two curves and particularly the slow 
one. 

Consider, for example, our experiment of February 28; sartorius of 
R. fusca injected with 2 mg. of curare (indirect inexcitability tested). 
Block 8 mm. thick; its groove keeps round the muscle for this length an 
interval of 2 to 3 mm. filled with solution, The tunnel is placed on the 
middle of the muscle, cathode —_ on 1 the = side for P — and on ~ 
distal mids for 


100¢ 4-0 43 

20 7-5 6-2 

10 13 8-5 
6 20 ‘i 
5 12 


The two curves are obviously distinct, neither of them looks likey 
(Big, 2). We narrowed the tunnel with some moulding wax so as to come 
‘almost in contact with the muscle; at the same time we reduced the 
length of the tunriel to about 4mm. When placed in the middle of the 
muscle, it gives for P, — and S, — two curves much quicker than any 
‘preceding one; they are almost superimposed if the ordinates for the 
‘time 1000 are made equal, When the same narrow tunnel is placed on 
the pelvic side in between the middle of the muscle and the pelvic end, 
we get for the cathode on the pelvic side a still quicker curve P,, while 
S, — is almost superimposed with the two preceding ones for appropriate 
ordinates. Finally, as a counterproof, we took off the wax in the tunnel; 
then, replacing it on the pelvic side as above we obtain for 8, — a curve 
approaching P,- for its the time axis, a 
different-shape. 


| 

me 
| 

omg 
~ 
~ 
7] 
y 
«% 
ry 
vy 
wer 
“+ 5 
4 
ue 


L, LAPICQUE. 


7-0 
20 9-5 10-0 
10 13 16° 
5 17 >20 
| 
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0 10 20 40 100 
Fig. 2. Influence of geometric conditions of the liquid sheath surrounding the muscle: 


P,, 8,, under. a block of 8 mm. not tight; P,, S,, after the tunnel has been made 
narrower and shorter; 9,, after return to primitive conditions. 


On Fig. 2 all the curves are so plotted as to coincide for the time 100 — 
(except P; so regulated to coincide with S, for the time 20, this last one 
being coincident on most of its length with P, and S,). The curves for 

the narrower tunnel are drawn with broken lines. We readily see that 
they are removed towards the origin compared with the curves obtained 
for the long and wide tunnel. 

The curves of Fig. 3 present the same phenomenon for two well- 
adjusted blocks, one 6 mm. long (P, and S,) the other 4 mm. (P,, S,). 
(Experiment of March 7, R. fusca having been injected with 1-2 mg. of 
curare; indirect inexcitability tested; blocks on the pelvic part.) 
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| : I was anxious to determine a quantitative relationship between the 
ab time factor of electric stimulation and the geometric conditions of the 
f __ electrolytic conduction around the muscle. So I tried to get more precise 


--" 


Fig. 3. P,, 8, (solid line), two curves for the current flowing with one direction and another 
_ in a tunnel of 6 mm. long; P,, 9, (broken line), same trials but in a tunnel of 4 mm. 
long. Curarized muscle, pelvic part in the tunnel. 


conditions with the use of cylindric tunnels, bored across non-conducting 
blocks instead of a block pushed down toward the upper face of the 
muscle lying on the bottom of the trough. The blocks having the same 
width as the trough and being cemented with wax on the sides and the 
bottom of it, the whole current has to flow along the tunnel, through a 
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sheath of fluid of known dimensions. The muscle is. introduced in the 
tunnel like a thread in the eye of a needle. iS 

We have made quite a number of experiments of this same type; they 
have confirmed the general facts of the preceding ones; but we could not 
determine the conditions giving one time factor or another, not even of — 
one shape of curve. It is only possible to state the margin between which 
the length is a controlling factor: it is between 3 and 15 mm. about. 
We must have at least 1 cm. to get typical « curves; below this length 
a becomes more and more like y while the length decreases; but if we 
reach 1 or 2 mm., then we can find again very distinct « and y curves, 
with a big pseudo-chronaxie for «. It is due to the fact that in this case 
the tunnel is no longer the only region actively conducting for the 
stimulation ; it is nothing but a singular point in the middle of the current 
flowing in the entire trough and thus gives, when cathode, a y curve in 
much the same way as our stigmatic electrode, while for the other 
direction of the current the process giving birth to « takes place freely 
in a whole compartment of the trough. 

As regards the thickness of the sheath which has to do with the 
phenomenon, it is very thin. We did not observe any variation of the 
curves with the thickness unless it comes down below 2 mm.; and even 
then to get a distinct reduction of the time constant we had to go 
below 1 mm. 


‘INFLUENCE OF THE SPECIFIC CONDUCTANCE OF THE SOLUTION. 


The specific conductance of the liquid sheath around the muscle can 
be changed by substituting for a fraction of the electrolytes of the Ringer 
solution the quantity of non-electrolyte which will keep the same osmotic 
pressure. We used for this purpose a N/4 solution of mannite which we 
mix to our Ringer solution (8 g. of Na(l for 1 litre of tap water which in 
Paris contains a convenient amount of limestone). With 4 volumes of 
mannite solution for 1 of Ringer the muscle loses very quickly all its 
excitability; but with 2 or even 3 volumes, it keeps for a long while a 
sufficiently stable excitability. Using such a mixed solution, we found it 
sometimes impossible to get any « curve, for the same disposition of 
electrodes which, in Ringer, gives it every time. 

_ Kaperiment of February 9. A sartorius of R. fusca was placed straight 
in a solution of two parts of mannite solution and one part Ringer. The 
experiment was started at 2.45 p.m. and the readings were made every 
half hour. The silver wire B touching the muscle in its middle through 
the solution, the wide silver electrode lying at 2 cm. in the same axis as 
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the muscle on the pelvic side. 
followed by those for A—. 


100 5-8 1-2 6-9 1-4 70 
5 1-5 6-1 1-2 79 1-4 88 
3 1-8 6-7 1-3 9-0 16 5 
2 2-4 13 1-7 10 21, 108 
1 3-2 10 2-4 13 30 «145 


B — gives typical y curves. The curves for A — are systematically 
different from them by a little less pronounced curvature, but they are 
chronologically very close, and if we wanted to take as characteristic, 
from this point of view, the time for which the threshold is reached for 
a strength double of the threshold for 100c, the A — would appear 
quicker than the B—. Let us say simply that the characteristic time 
remains for both around lo. 

The stigmatic electrode being in the nervous region, we could think, 
following Rushton’s hypothesis, that we are dealing with an exagerated 
nervous excitability giving a lower threshold than the muscle, even in the 
case of B+. But the result remained the same when this stigmatic 
electrode was put on the nerveless portion of the muscle at 5 mm. from 
the pelvic end, or still in the solution at 1 cm. from the distal end of the 
muscle. In this experiment, it has not been possible to obtain, in any 
way, an « curve (regularly given by the same trial in ee solution 
whose specific conductance is three times greater). - 

_ More frequently we obtained two curves still distinct, but cial close 
together. This bringing together is due to the decreased amount’ of 
electrolytes accelerating «, as is demonstrated by the following experi- 

ment, %.e. by the comparison with the curves previously obtained for the 
same muscle, in Ringer solution and again in this same solution after the 
trial with non-electrolytes (everything else being equal). : 

Experiment of January 22. Sartorius of R. fusca in a circular teough; 
the stigmatic electrode in the middle of the pelvic third, the diffuse one 
on the pelvic side. 


(1) In Ringer’s solution: 


B- 

100¢ 4-2 2-2 
90 45. 
10 5-5 
7-0 23 
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(2) At 11h. 10m. we replaced the Ringer with a mixture of 1 vol. 
Ringer + 2 vol, N/4 mannite solution. We obtained: 


Fig. 4. A,, B, (solid line), curves in Ringer; A,, B, (dotted line), after 3 of the solution had 
been replaced 


with an isotonic solution of mannite, everything else being equal; 
A, (broken line), after return in Ringer. 


(3) At 12h, 4m. wemepleced the wixtare with ordinary Ringer and 


A- B- 
100¢ 9-1 6-5 
10 ll 7-0 
5 16 83 
18 
2 11-5 
1 — 15 


‘The A — curve has more or less come back to its primitive state: the 
shape is not the same (A, and Ag, Fig. 4), but the pseudo-chronaxies are 
in both about equal to 4c; it had been decreased to 2 by action of the 
mixed solution and was still 2- ‘60c immediately before its return in Ringer, 
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while the B — curve, a typical y, had changed from a little less than lo 
to 1-5¢ and did not notably change after its return in Ringer solution, — 
Pe We obtained the same results quite a number of times, but at other 
times the variations obtained for the « curve were very slight. Thus, this 
one is still possible in a solution containing an important part of non- 
electrolytes in place of the isotonic quantity of electrolytes, that is to 
say with a specific conductance reduced to 40 p.c. and even less of that 
in Ringer: under such conditions, however, it is uncommon. 

Here again I have been stopped by the irregular results, and I can 
only conclude that changes in the physicochemical properties of the 
solution can react, and usually react, on the phenomena, not only on the 


10 20 40 100 
Fig. 5. Modification of the « curve: 1, in Ringer; 2, in a mixed solution; 
| 3, after return in Ringer. 
shape of the curves, but also on their time factors, whichever way they 


| are calculated. 
: The following experiment shows how the shape of the curves can 


Experiment of April 16. Sartorius of R. fusca; the diffused electrode 
A on the pelvic side, the stigmatic one B on the middle of the pelvic 
third; (1) Ringer solution, (2) same disposition of electrodes, solution: 
3 parts of N/4 mannite, 7 parts Ringer, (3) Ringer solution again. 

The curve is obviously shifted to the short duration side under the 
influence of the decreased conductivity (only factor changed); its « 
portion comes back more or less to its first position when replaced in 
Ringer (Fig. 5). ; 
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— curve for A — (Fig. 5). 


(1) (3)* 

1000 65 

8-5 40 

20 12 5 2 

10 16 65-7 73 
45 10 

3 — 11 

1-8 115 9 

12 9-5 

16 10. 


* "Tho was reood from 6000 to 2000 


PHARMACODYNAMIC ACTIONS. 


Calcium. Keith Lucas in a paper of 1908 studied the betieibise of 
alti on the « curve. There was no doubt.in his mind that-this curve 
represented the muscle’s own excitability. He thought that he was 
dealing with this excitability alone when his fluid cathode was at less 
than 3 mm. from the pelvic end. He noticed that in these conditions he 
obtained at random, according to the muscle investigated, two types of 
curve. One reaches around 50¢ a minimum -liminal strength with a 
constant threshold for every greater duration however Jong. The liminal 
strength of the other type still decreases for the remaining duration scale 
given by his pendulum (that is to say up to 120¢) and still more for mee 
durations when the circuit was closed by the hand. _ 

_ This second type is general for the « curves, and is often found i in 
Rushton’s experiments. I stressed this point in my preceding paper, 
when I showed that it was one of the features differentiating « from the 


canonical law of stimulation; we too found it very frequently, 8 times out 


of 10 in the reported examples of our experiments. __ 

But my description’ of this feature will be slightly different from 
Keith Lucas’s, who vaguely indicated in his text a continuous decrease, 
but whose Figs. 5 and 8 show clearly the phenomenon. I often see there, 
when the position of the experimental points is favourable, a combination 
of two curves; the short duration curve becomes horizontal or, we might 
say, seems to reach its rheobase, and then starts a new decrease for still 
longer durations. This is not very obvious on-the above given curves on 
account of the contraction of the time axis for long durations (in order 
not to spread the graphs immoderately and yet to keep adequate space 
for the short durations). But it can be seen, if looked for, in the experi- 
mental figures, and besides Keith Lucas, in a note previously quoted 
of his paper of 1907, recognizes it in a most explicit way: “The curve of 
the substance « becomes parallel to the abcissa at a duration somewhere 
between 0-015 and 0-02 sec., and the rise between infinite duration and 
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that horizontal part of the curve is a separate affair.” I entirely agree 
with him on this point; and, to be logical, another greek letter should be 
given to this “separate affair.” This 5 curve would often be as obvious, if 
not more 80, than the others in Keith Lucas’s complex curves; but then, 
if we follow this reasoning, we should admit a 5 substance. The fact that 
we find also, though more seldom, this curve as an annex of a y curve, 
with a long horizontal part in between, should again legitimate its in- 
dividuality; and then the discontinuity of a descent of about 10 p.c. 
between 1000 and infinity after a constant period from 40 to 1000 
(experiment of October 9), or between 50 and 100o after a perfectly 
constant value from 5 to 500 (experiment of October 11) is evident from 
a glance at the data. | 
In any case, Keith Lucas has shown, especially by one of Mines’s 
experiments, that this particular curve, or this feature of the « curve, 
disappears under the action of the calcium ion. We have completely 
verified this fact. Our ordinary Ringer is made with 8 g. of NaCl in 
1 litre of tap water which is sufficiently’ chalky to maintain a good 
conservation of the physiological properties. If we add to this solution 
(nearly V/8 of NaCl) one-tenth of a solution N/8 CaCl,, the 5 curve 
disappears. 
Eaperiment of April 18. Sartorius of R. esculenta 9. Stigmatic elec- 
trode B in the middle of the pelvic third, the fluid electrode A on the 
pelvic side. A’very thin microscopic glass of about 1 sq. cm. protects 
the first millimetre of the pelvic end from the action of the diffused 
cathode on the singular point formed by this end; the absence of a 
genuine « curve is perhaps due to this detail, A — giving a curve with an 
extremely quick time constant which can be reasonably assumed to 
correspond to a nervous stimulation. We obtained again a 5 curve still 
more distinct. 5000w of additional resistance; (the resistance of the 
solution between the two electrodes is about 200w measured with a 
Kohlrausch bridge). 


Calcium 
B- A- A- B- 
100¢ 0-8 5-5 75 1-0 
40 6-5 75 
20 7-5 1-5 1-0 
10 0-9 1-5 15 1-0 
5 0-9 1-6 1-5 11 
2 1-4 8-0 8-5 1-7 
23 8-5 9-0 3-3 
0-5 4-0 14-0 12 5-5 


/ 1 Hydrotimetric degree, measured several times =22, corresponding approximately to 
0-25 g. of CaCl, for 1 litre of water. — 
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placed the Ringer solution by the solution with 75 calcium, everything 
else being unchanged; immediately after we obtained the figures of the 
fourth and fifth columns. The effect on the A — curve is perfectly clear 
at a glance at the figures. The plateau between 20 and 5c is maintained 
at the same level, but the important decrease (almost one-third) between 
20 and 100¢ has entirely disappeared. 

Keith Lucas did not emphasize the following consideration: the 
change is practically immediate. The above determinations have been 
made in the same order as in the table, that is to say, the values for the 
times 100 and 10, the special aim of the observation, have been obtained 
2 or 3 minutes after the change of solution. Thus we are not dealing with 
the coming into equilibrium of the muscle with the new medium, not 
even with a purely pharmacodynamical action which would not be so 
quick. 

With higher calcium concentration the changes obtained after half an 
hour or an hour seem to be interpreted by an increase in the chronaxie. 
But in the present experiment, there has been no similar action whatso- 
ever, for after 1 h. 45 m. we obtained: 


13 12 

20 1-3 

5 1-3 

2 2-2 12 

1 3-7 13 
0-5 6-0 l 


All the thresholds are higher, but their ratios are about the same, so 
that the chronological appearance is unchanged. I am rather in favour of 
a single surface action, of a change in the polarization, or in the readiness 
of the muscle surface for polarization, according to the well-known 
physicochemical properties of the divalent ions, Besides the great 
quickness of action, I am inclined to think so by the changes we some- 
times witnessed in the midst of such trials on liminal stimulation at the 
beginning of the measurements for the highly concentrated calcium 
. Solution. These changes were quite sudden and extraordinary, following 
either a series of failing stimuli, or a stimulus above threshold. Such 
perturbations are only observed for the conditions which should give an 
a curve: the corresponding y curve being perfectly stable and regular. 

Experiment of March 3. Sartorius of R. fusca 3. B, stigmatic elec- 
trode, on the pelvic part. A, diffused electrode, on the pelvic side. At 
4h. 20 m, the muscle is put in a solution composed of 20 parts Ringer, 
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5 parts V/8 CaCl,. Two eeries, one for B — made immediately, the other 
at 5 p.m. (Additional resistance: 5000w.) 


I II 

18 18 

10 18 18 

5 1-8 1-9 

2 2-0 2-5 
1 3-9 5 


The increase of chronaxie from I to II is obvious, the time constant 
for I being about lo, that is to say the most usual value in Ringer. But 
immediately after this series, when we measured the thresholds for A —, 
we successively obtained (additional resistance 3000w) 1000: 9 v.- 
200: 9-5 v. When we tried 10 volts for 10c, we produced a very large 
response which maintained itself successively for 9, 8, 7 and 6 volts. 
Only for 4 volts we found again the small response which we had taken 
as threshold; then we obtained: 


4-5 

10 5-6 
5 7-5-8 
2 10 

60 4 


_. These figures give a rather normal « curve; but when we started the 
experiment again, immediately after plotting this curve, we found again 
bo:10 v.-200: 9-5 v. So we were back to the primitive values of A — 
following an entirely different time function. 


Curare and Sparteime. Curare increases the muscular chronaxie and 
does not affect the nervous excitability. Everyone recognizes the second 
proposition, As to the first one, I think I have demonstrated it already 
25 years ago with Mrs Lapicque. The most important evidence, which 
is still essential, was the following: chronaxie increases more and more 
almost indefinitely with the dose. With our typical curare (ticuna curare 
in earthenware), 4 mg. injected into a 30 g. frog is sufficient to produce 
the paralysis of the animal and to suppress the indirect excitability of 
the gastrocnemius. The chronaxie of this latter, when directly stimulated, 
is about twice or three times the normal one. A 5 mg. injection increases 
the chronaxie 36 times; 15 mg. 50 times; 20 mg. 60 times. 

Anyone objecting to my chronological theory of curarization, and pre- 
ferring some other process as an explanation for the failure of the nerve 
muscle transmission, must admit that this fact cannot be explained by 
the failure itself. 

Briicke had noted the slow excitability of a curarized muscle, simply 
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by the decreasing efficiency of the induction shock (this implies a big 
increase in the chronaxie, hence a strong intoxication) ; he considered that 
this slow excitability was the muscles own excitability, hidden in the 
normal state by the quicker excitability of the nerve, and becoming 
obvious when this last one was suppressed. Then arose the classical theory 
and consequently K eith Lucas’s and later Rushton’s interpretation of 
the « curve. But this slowness of the muscle exéitability should be 
expressed by a chronaxie, this is almost Rushton’s explicit idea as 
well as Keith Lucas’s, who could not use the word, but who was almost 
as precise on this point. . 

_ Ifcurare did not act on the muscle, we should find, after a curarization 
realized by some other mechanism (like the functional suppression of the 
motor plate), a constant chronaxie, independent of the dose of poison. 
As far as I know; this reasoning has not been criticized. But the fact has 
been contested, chiefly in Germany, where Boehm [1910] in particular 
declared it impossible to confirm it. Boehm was a curare specialist, 
recognized as such in his country. Unfortunately his contradiction did 
not come to my notice at the proper time: then the war occurred and 
for years I had no occasion to answer it: so that some recent authors still 
give as an axiom that curare has no action whatsoever on the muscular 

substance. But I maintain without any restriction my assertion. Its 
experimental demonstration is quite easy; I have done it in several 
circumstances. I blame the quality of the curare for the failure of those 
who did not get the same result, though it seems quite daring to think 
that Boehm’s curare was not good. In fact Boehm had only some 
gourd curare, which I know quite well and which in the best conditions 
is 5 to 10 times weaker than my curare. I do not know from the experi- 
mental point of view the product which he extracted from it and named 
curarime and can say nothing about it; but I do not consider it demon- 
strated that this curarine possesses for a smaller weight or even for an 
equal weight all the properties of ticuna curare; I can call upon the 
testimony of one of the most prominent German physiologists, 
Meyerhof, who was also unable to obtain with German curare the 
large chronaxies that I had announced ; he was at first sceptical regarding 
my doubts on the quality of his curare, but he recognized after his first 
trial, the true efficiency of what he calls “das kraftiges Sorbonne curare,” 
and now he is kind enough to ask me for some when he needs it. 
Meyerhof’s researches made in collaboration with Nachmansohn 
have confirmed in a striking and unexpected way the pharmacodynamical 
: localization which I had indicated from the variations of chronaxie. The 
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breakdown of the muscular phosphagen proceeds with a velocity which 
is regularly reverse to the chronaxie. Curare decreases this velocity and 
Meyerhof [1929] and Nachmansohn [1929] have noted that they 
could vary this decrease according to the dose of curare. 

Then how can anyone deny a pharmacodynamical action quanti- 
tatively tied to a chemical process of the tissue experimented on! 

Thus, curare increases the muscles own chronaxie, setting aside the 
suppression of the indirect excitability. But in the paragraph concerned 
with trials to find again the y excitability on a curarized muscle, we have 


. seen that this y excitability presents under curare a certain increase of 


its time constant, while « has no increase whatsoever; if there is any 
change, it is rather opposite. This fact, together with that stressed above, 
i.¢. the proved increase in the muscular chronaxie, should be rather 
disturbing if we want to see in the « curve the expression of the muscle’s 

Curare is not the only substance able to increase the muscular 
chronaxie according to its dose (and thus to curarize, but we keep this 
point of view aside for the present). Sparteine for example, which is not, 
like curare, a mixture of unknown formula and not constant regarding 
its activity, but a crystallized substance chemically defined, has the 
same property. For it too, Meyerhof and Nachmansohn [1929] have 
observed that it slows the breakdown of phosphagen at the same time 
as it increases the chronaxie, more and more according to its dose. 

We have briefly examined the action of sparteine on the strength- 
duration curves of a stimulated sartorius in an electrolytic solution. 


Experiment of February 18. Stigmatic electrode B on the middle of 
the muscle, diffused electrode on the pelvic side. The sartorius of R. fusca 
in Ringer with 3 mg. of sparteine sulphate for 100c.c. Immediately 
after, we characterize the curve for B cathode in this simple way: we 
determine the threshold for 100c, then the duration for which the 
threshold is reached again for a double voltage (ordinary chronaxie 
measurement assuming that the curve for B — is continuous). We find 
first: 2-50 (the rheobase being 1-4, we find 1-6 for the threshold at 10o, 
which quite agrees). 15 minutes later we find aschronaxie6to7c. 

Comparatively, for A —, we find, Ist, soon after the muscle was put 
in the solution and, 2nd, 15 minutes later: | 


1000 2-5 3-5 
20 3-0 4-0-4:3 
10 5-0 7-0 
5 8 
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Those few figures are sufficient to recognize an « curve (without 5 very 
likely) which has remained unchanged from one trial to the other and 
which presents a quite ordinary chronologic character, rather brief, but 
in any case not any longer (pseudo-chronaxie 10 in both cases). While 
the y curve for B — has a chronaxie already conspicuously increased 
after a few minutes and still becoming nearly 3 times greater after 
15 minutes. 

This result entirely agrees with what we obtained for curare and which 
can be formulated in the following way: Poisons known to increase the 
muscle chronaxie with no effect on nerve excitability slightly increase 


the chronaxie of y, while they are either inefficient on « or modify itin 


the reverse direction. 

Experiment on the nerve. Feomthe above facts, we know that the y 
curve is not only concerned with the nervous substance but also with the 
muscular one, The « curve corresponds to a particular phenomenon 
taking place when the electrical stimulus comes to the muscle through 
a conducting solution in a lengthwise direction. I have not been able to 
get enough accuracy regarding this curve to deduce even an hypothesis 
on the nature of the phenomenon. It varies notably under the influence 
_ of undetermined factors, but it has been at least demonstrated that the 
phenomenon is conditioned by the lengthwise and crosswise measure- 
ments of the surrounding sheath through which it can act-on the muscle, 
also by the specific conductivity of this sheath, so that independently of 
the incidental variations, which I shall try to interpret further, it depends 
on the conductivity of the surrounding medium. 

But is not the y curve itself affected by this phenomenon that we 
might call « effect? 

Keith Lucas and Rushton have compared the y obtained on the 
muscle to the y obtained on the nerve separately stimulated and they 
conclude that they are identical. As I found that y could be produced 
just as well by the muscular substance itself, this identity could be 
called on as a new proof of the nerve-muscle isochronism, and perhaps 
we shall call on it when we succeed in understanding better the mechanism 
of stimulation in an electrolytic solution. But first I have been rather 
surprised by the difference between y and the curves obtained for a dry 
stemulation (I so call the stimulation in the air which is an insulating 
medium). Indeed the chronaxie measured in the liquid (or better the 
pseudo-chronaxie as we shall see) appears bigger than any figure I knew 
and its increase under curare is relatively small. 

The first results of experiments, just started on this question, 
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actually show a non-negligible interference of an « effect in muscle 
stimulation through a silver wire dipped in Ringer (my so-called stigmatic 
electrode); but I will now only report some experiments on the nerve 
itself, where excitability is univocal. We dissected a frog sciatic from the 
knee to the spinal cord so as to dispose of a long portion in order to avoid 
the use of the parts near the section. This nerve was passed through one 
of the tunnels above described, which we bored in a paraffin block. The 
whole thing placed in such a way so as to form a diaphragm in the 


rectangular trough filled with Ringer solution, two silver electrodes were 


immersed, at a certain distance from the block, in the two compartments — 


thus formed; the leg still adhering to the peripheral end of the nerve 


was fixed at the bottom of the trough in order to prevent its movements 


from disturbing the nerve; the threshold was observed on the gastroc- 


nemius, After several determinations of strength-duration curve either 
with an ascending or a descending current, we took out the nerve from 


the tunnel and placed it, wet, but in the air, on my ebonite electrodes 


[1926, p. 294] in the usual conditions of my experiments for the last 


20 years. The chronaximeter available at this time was not able to follow 
_aceurately such quick curves for short durations, but it was sufficient to 


show a definite difference between stimulation in Ringer and stimulation 
in air. 


a 19, (1) Block 18 mm. thick, tunnel 6mm. wide, 


1-5 mm. high, 


a b c 

1000 1-0 1-3 
40 10 _ 1-4 
10 1-0 13 1-4 
45 1-4 1-4 
13 1-7 
1-5 1-7 1-9 18 
06 8 3-6 2-7 


Hebeen b “nd c we saiead the nerve along 1 cm. in order to experi- 


‘ment on another portion. 5000w additional resistance. 


(2) One hour later, the nerve still in its position; d, descending 


current; ¢, ascending current; 10,000w additional resistance; /, rs 
» ¢urrent; g descending current; 5000w additional resistance. 


d f g 

100¢ 3-7 45 13 

10 4-5 23 13 
4:5 3:7 45 2-3 13 

2°5 3-8 47 2-5 1-4 

15 43 54 2:8 16 

06 7 1-2 2-2 
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immediately alter we took of the preparation from the solution 
and placed the nerve on my electrodes. 


With 10,000w in series, we get: . 
100¢ 1-8 
10 1-8 
2:5 18 
1-5 1-8 
0-6 2-4 
100 1-8 
\ 
d 
| 
0 7 2 3 4 5 10 100 


Fig. 6. Sciatic (to gastrocnemius) stimulated: a, in a tunnel filled with Ringer; d, in the 
same tunnel for a slightly different region of the nerve; s, in the air, on my ordinary 
electrodes. 


_ Reduced to the same value for long durations the figures are plotted 
on Fig. 6. The figures obtained in the electrolytic solution are found along 
two distinct curves, one for the first position of the nerve (a and 6), the 
other, a little quicker, for the second (from c to g); there are only slight 
discrepancies from one series to another. The curve for the dry stimula- 
tion is only outlined, but the mere fact that the point for 0-6 is the first 
one to increase above the rheobase is sufficient to indicate a conmmciead 
quicker curve. | 
In the following experiment we operated with two keys of the 
chronaximeter closer together, that is to say with shorter durations, but 
I shall give only the distances in degrees, the translation of distances in 
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times being uncertain; as we used the same graduations for all the series 
the direct comparison of the figures is sufficiently clear, when these are 
calculated for each case so as to make equal to 1 the liminal value for 
long durations’, We have compared several lengths of tunnel; in the 
range of utilized variations the influence of this length is negligible, but 
the difference is obvious between all the curves obtained in the fluid for 


7 mm, 9mm, 13mm, Nerve in air 
10° 1-06 1 1-08 
6° 15 1-4 16 1-2 
5° 21 2-0 2-2 1-4 
rg 2-8 2-5 2-9 16 ; 
3-9 4-1 4-0 2-0 


This difference lies much less in the time where the curve starts its 
ascent above the rheobase than in its much slower ascent. 

A few other experiments have given, without exception, confirming 
results, But I wanted to get rid of the possible objection that the 
| ‘considered difference might be due to the fact that my electrodes are a. 
: little too narrow to give an accurate chronaxie, as I have recognized long ; 
‘ago. I took a paraffin block 13 mm. thick with a tunnel similar to the’ 
one used for the stimulation in a solution; at each end of thip paraffin 
tunnel I sealed a silver wire to be used as an electrode and we compared ' 
the stimulation by this contrivance i in the air and by es of the came, 
length in Ringer’s solution. 
Haperiment of April 28. A: tunnel 13 mm. long in Ist; no” 
additional resistance, a ascending current, 6 descending current (with 
only } of the voltage coming to the potential reducer). 2nd: 3000w 
additional resistance, c ascending current, d descending current. B; 
electrodes 13 mm, apart and dry; 10,000 additional resistance; Ag 
current, f, descending current. 


a b e f 
100¢ 1-0 44 2-7 13 1-7 
20 1-1 1-3 4-4 2-7 13 — 
5 1-1 1-4 
2 1-2 15 4:8 2-8 13 eo 

1 1-7 2-2 6-0 3-9 1-4 19 
0-5 3°6 9-7 73. 18 26 


The a, b, c, d curves are very similar; the e and f curves, though the 
range where the variation can be followed is very narrow, are obviously 


1 For comparison in real times with the other experiments, I can indicate that 22° 
corresponded to 4-50, and 10° to 1-50; the figures given for the 13 mm, tunnel are the 
averages of two series. 
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different and perfectly agree with the curves previously obtained in the 
air. In fact, on account of the experimental conditions, we are dealing 
with the stimulation curve which I have studied for so long and which 
I called in these papers of the Journal of Physiology “eanonical”; it 
could be most accurately extrapolated. 

The curves obtained in the solution are noticeable for their much 
steeper ascent toward the short durations; Fig. 7 gives as an example, 
comparatively with the e curve, the 6 curve, this last one being at the 
same time representative of a, c and d; it follows quite éxactly, in the 


a 


Sciatio (to gastroonemius): b, in 18 mm. long tunhel filled with Ringer; 


ee ‘aut the formula eid (time constant lo). Besides, if we 
consider the long durations, we-find again for 6 and .c a definite decrease 
of the threshold below a threshold which had maintained itself for a 
certain range of durations, that is to say, the phenomenon already noted 
by Keith Lucas, as appendix to the « curve, and designated by us as 5. 
Thus We can apply here neither the notion of rheobase, nor that of 
chronaxie. So that even for the nerve, when stimulated in an. electrolytic 
solution, probably on accdunt of the interference of a small « effect, we 
are dealing with something else 
of its time relation. 
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GENERAL CONSIDERATIONS AND CONCLUSIONS, 

The electrical stimulation is always, no doubt, an artificial pheno- 
menon. The question is to know if, as I said in my book [1926], “The 
time value of this artificial phenomenon can be applied to the normal 
functioning of the organs thus considered,” if the chronaxie, conventional 
measure for the time value, “reveals a deep modality, an essential 
property of each particular organization of the living matter.” It seems 
to me that a complete affirmative answer is brought forward by a series 
of facts, now extremely numerous, so much that I could not give here 
a simple list without an excessive lengthening of this paper. I shall only 
recall some phenomenon directly related to the discussion reopened by 
Rushton: the colloidal properties of the muscle, known through imbibi- 
tion, and the phosphagen changes follow exactly the chronaxie variations; 
thus we are really penetrating the intimacy of the muscular substance _ 
through this artificial phenomenon happening when the muscle is 
electrically stimulated. But this stimulation, used by everyone ever 
since Galvani, consists in the bringing of the electric current to the 
tissue through a definite canalization (it is the meaning itself of the word 
electrode); the tissue in between two segments of the canalization con- 
stitutes either the only conductor in a part of the circuit, or an insulated 
conductor between two points with a definite potential difference. We 
know that stimulation starts at the cathode for the strengths and 
durations used; consequently it does not matter whether the other 
electrode is diffuse; the phenomenon that we are using is produced at 
the very spot where the current leaves the tissue (according to the 
traditional direction of its polarity). There, to repeat an expression that 
I have used and which for a long time I borrowed from Keith Lucas: 
the impact of our action lies; there takes place the polarization, which 
we consider ever since Nernst as the prime mechanism of the electrical 
action; the strength duration curve, for short durations, merges with the 
quantitative development of this polarization until the time when the 
interference of an antagonistic phenomenon starts. This second pheno- 
menon, known only by hypothesis, limits the efficiency of this polarization 
and conditions the chronaxie. 7 

But Rushton’s experiments, where he gets typical «, have no 
electrodes lying on the muscle in either one of his contrivances, so that 
they have no definite impact. There is only on one part or on the whole 
length of the muscle a conducting medium with a given potential 
gradient, Ce we are still quite uncertain 
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with regard to the electric phenomena taking place in the muscle. But 
we must consider that the muscular substance has a conductivity 
certainly lower than Ringer. In such conditions, even with the block, 
we cannot consider the muscle as a distinct element from the circuit 
constituting a derivation from the two ends of the block, for example. 
From each spot to every adjoining one in the direction of the potential 
gradient, a derivation aims at establishing itself, But the muscle surface 
will be polarized; as soon as an infinitely small quantity of current has 
passed through a given spot, it has established an impedance which will 
- throw the entrance or exit of the current on to a neighbouring spot if an 
exactly equal process has not taken place there. Nernst’s reasoning, 
based on the algebraic summation of polarization at the impact and on 
diffusion from this point, is no longer valid. We are no more dealing 
with the classical process of stimulation. I see no means for a physical 
reasoning without the use of an arbitrary scheme, and from the physical 
standpoint we can realize the important consequences which will follow 
from the smallest differences in the state of the surface: As soon as any 
singular spot is on this surface, this spot or its surroundings according to 
the direction of the differentiation is going to become itself, or is + going to 
create near it, a relative impact. 

- This might be the explanation for the fact, that, in a series of trials, 
ay curve, very similar to my usual excitability curves, is substituted for 
an « curve; and this can very well explain why the spot of the muscle 
where the nerve arrives, or the region with the motor plates, even for 
the frog where these are not very well differentiated (I mean the accumu- 
lation of sarcoplasm and nuclei constituting Kiihne’s sole), gives the y 
curve much more readily than the rest of the muscle; the explanation is 
necessary, for the property of this region still exists after curarization. 

_ Asa matter of fact, we can create, at will, some singular spots offering 
the same property, we have only to fold the muscle, instead of keeping 
it straight; when the muscle thus folded several times alternatively in 
both directions, like an accordion, the y curve is the only one to appear 
for an entirely diffused current in the surrounding solution, even if we 
are dealing only with the nerveless portion of muscle. 

Another easier and surer way to realize a singular point of this kind 
is the silver wire coming in contact with the muscle through the solution, 
and which I called “stigmatic” electrode. We have seen that when this 
electrode is negative, we obtained a y curve; independently’ of the 
important localizations which this contrivance allowed, its general result 
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definite impact, we come back to something nearer to the classical 
stimulation, then no more « curve. 

Yet it does not seem to me that we find again the classical shitetdtlen 
in its pure state; quite often the curve is not “canonical” and sometimes 
it is definitely exponential; and furthermore its chronaxie (we should 
still say pseudo-chronaxie), equal to lo or a little more, for a normal 
muscle seems to be exaggerated, In other words we would still be dealing 
with some effect of the Ringer solution—an effect for which actually we 
can only give some rather aleatory theories, but which could be demon- 
strated, I think, as related to the « effect which we showed on the muscle, 

But our main object in the discussion is this « curve, obviously 
_ different from anything I have obtained with definite impact, If we have 
not been able to determine its mechanism, it is sure nevertheless that 
the chief condition is an electrolytic solution. Keith Lucas did 
not intend to discard the stigmatic stimulation. when he devised his 
“fluid” electrodes; he only wanted to operate on a muscle protected from 
the temperature changes and drying, But in his apparatus the muscle 
was partially dipped in Ringer through which it received the current, and 
@ curve appeared incomplete, indefinite, but yet sufficient to allow 
Keith Lucas to declare its existence, Very likely he never suspected 
the solution for the essential cause of a phenomenon which, no doubt, 
appeared to him quite natural, as it was in accordance with the classical 
conception of muscle excitability. And myself, 15 or 18 years later, when 
I looked everywhere for the explanation of his results, so different from 
mine, I never suspected this condition, 

Not until Rushton called attention to this kind of 
which he systematized, did I understand its réle. 

Is this stimulation more artificial than another? As long as we 
are not able physically to define the underlying phenomenon of the 
a curve, what I called the « effect, we shall not be able to give a definite 
answer to this question. And, in fact, the underlying phenomenon in the 
classical stimulation and particularly in the chronaxie is also still obscure. 
But from the physiological standpoint it is not necessary to answer. 

The « curve varies in shape according to contingent circumstances, 
some of them are still unknown, others are distinctly related with the 
medium and not with the muscle itself. Among these we must name first 
the angle between the current flow and the fibres; Rushton [1930] 
has shown that the lengthwise component of the current counts for the 
a effect; but, in his study of this point, he took only into consideration 
the rheobase, In this paper I have emphasized 
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place with the geometric dimensions and the specific conductance of the 
solution. On the other side, this curve does not vary or hardly varies in 
conditions when it is certain that the muscle excitability has changed 
(curare, sparteine). Thus stimulation in a conducting solution, a method 
which we can call astigmatic, does not satisfy the desideratum expressed 
above: “to reveal an essential property of the living matter.” 
| It might be interesting to study this method for itself, and I would 
be personally quite curious to know its ways, but from the chronaxie 
point of view, the only teaching derived from its wady't is that we should 
avoid the « effect. 

As a consequence, it explains some results which might be rather 
disturbing if we did not precisely recognize the « effect. I have in mind 
the interesting experiments of Davis [1923] and later on of Watts 
[1924] where they thought that the values of chronaxie depended on the 
size of the electrodes. For a long time I could not understand these 
results which I was unable to reproduce, but nowadays it seems clear 
to me that they are dealing with a more or less important « effect, for 
the condition to obtain them is to dip the muscle in Ringer. I intend to 
analyze experimentally what actually happens in such experiments. __ 

In the same way, Keith Lucas, with his “fluid” electrodes, found 
for the heart of a frog a much higher time factor than M. Lapicque 
_ and ©. Veil operating in the usual conditions of my own experiments. 
There is nodoubt that in Keith Lucas’s experiments the solution is 

responsible for the big time factor; but Adrian’s experiments show more 
complicated phenomena than those on the sartorius. This is not very 
surprising, considering the complicated structure of the heart. But no 
matter what this last result might be, I think that we must not ‘say from 
Davis's and Watts’s works that: “ chronaxie varies with the size of the 
electrodes” but rather that “chronaxie measurement is altered by an 
a effect which becomes more important the wider the electrodes.” 
_ _ This is not a mere question of words, there is no doubt that progress 
toward clearer understanding is made when we are able to distinguish 
experimentally two processes, which had been considered as one at first 
approximation. 
SUMMARY. 

A frog sartorius immersed in Ringer and sasineheatis stimulated 
through the solution is subject to give a strength-duration curve more 
elongated than the normal stimulation curve, but such a curve, called « 
by Keith Lucas and recently emphasized by Rushton, offers a time 
factor, or a ee varying with experimental conditions. 
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1. With a stigmatic anode and a fluid cathode the pseudo-chronaxie 
depends on the muscle length included lengthwise in the circuit; for 
example, it varies from 20c for half of the muscle to 30 for a length 
of 2 mm. 

2. The muscle being saxbousidied: by a etic which regulates the 
length and thickness of the fluid sheath where the stimulating potential 
gradient is located, the pseudo-chronaxie decreases with the length 
between 15 and 3 mm. and with the thickness in a small margin around 
1mm, The curves obtained present, according to contingent circum- 
stances, different shapes; on account of such’a variety, though the above 
systematic influence is consplouous, IT cannot express it by an analytic 
formula. 

3. When the condtickivity of the is decreased, 
the osmotic pressure constant by the addition of non-electrolytes — 
(mannite), sometimes « disappears, more frequently its pseudo-chronaxie 
decreases, coming back to its primitive value when the muscle is re- 
placed in ordinary Ringer. 

4, An increasing amount of calcium in the solution cancels the pro- 
longed descending phase of the curve toward long durations often found 
in ordinary Ringer. 

§. Curare, in curarizing doses, or even a much greater dose, hardly 
changes the pseudo-chronaxie of «; in any case, it never lengthens it; 
sometimes it shortens it. The same thing takes place with sparteine. 

6. Electrical stimulation of a nerve bathed in Ringer gives a strength- 
duration curve very close to the quick curve (y) obtained on the muscle 
in the same conditions, but distinctly different from the curve obtained 
on the same nerve stimulated in the air, that is to say in an insulating 
medium, The curve could be expressed by an exponential, and conse- 
quently cannot give a true chronaxie; its pseudo-chronaxie is at least 
twice the canonical chronaxie. 

We conclude, from these different facts, that the « curve is more 
influenced by the conditions of the surrounding medium than by the 
properties of the muscle. Very likely it represents a parasitic phenomenon 
loosely connected with the conception of stimulation as generally studied 
by physicists and physiologists. Consequently, when we want to cha- 
racterize a tissue by a time factor drawn from the electrical stimulation 
(chronaxie), we must avoid stimulation without any definite impact as 
it occurs in Ringer. 
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THE AFTER-IMAGE OF BLACK. 
By BR. 8. CREED (Fellow of New College), 


_. With a mathematical appendix 
By J. H. C. THOMPSON (Semior Scholar of New College). 


(From the Department of Physiology, Ozford.) 


| INTRODUCTION. | 
writers on vision, notably McD ougall[1901] and Edridge-Green 
[1910, 1920], have invoked physical diffusion of the products of some 
photochemical reaction occurring in the retina as the most plausible 
explanation of certain phenomena in which excitation apparently spreads 
_ to areas surrounding the primary image of a stimulating object. Little 
attention, however, has been paid to the time relations of diffusion, and 
the question whether the hypothetical chemical excitant could con- 
ceivably have reached the site of the effect in sufficient concentration 
to stimulate seems not to have been considered by the upholders of 
such views. | 

The present experiments were undertaken with the object of testing 
the validity of one of these hypotheses, viz. McDougall’s interpreta- 
tion of the white halo with which the negative (black) after-image of a 
white object is commonly surrounded, and his assumption that all bright 
after-effects seen in those parts of the field of vision which had previously 
been occupied by black images are to be similarly interpreted. 

McDougall maintains that the hypothesis of a special black-exciting | 
process is unnecessary and unfounded. He explains the white appearance 
of areas of the field of vision in the vicinity of those which have been 
acted upon by white light as follows. | | 

When W light acts upon an area of retina it sets free in it...substances that by a further 


chemical change...excite or stimulate the rods or cones or both, so that nervous impulses 
are started in them and are transmitted, under favourable conditions, to the visual areas 


of the cerebral cortex.... The exciting substances, which I shall speak of asthe X-substances, 


are of a highly diffusible nature, and if  sharply-bounded W patch be fixated the 
X-substances diffuse themselves into all the surrounding parts of the-retina and there 
give rise, under favourable conditions, to impulses that excite the W sensation....The 
cortical processes excited by the W patch tend to inhibit all those of the rest of the visual 
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field.... When the light rays suddenly cease to reach and act upon the retina, there remains 
@ certain quantity of the X-substances in the retinal area directly affected and also in 
the immediately surrounding areas into which they have diffused during the fixation. 
If the W of the patch be of fair intensity and the fixation of short duration, the amount 
of X-substances per unit area of the directly-affected part and of the immediately sur- 
rounding parts m&y be approximately equal. Both will then excite a sensation of grey, 
and this sensation may be present for both areas simultaneously, or owing to mutual 
inhibition of the two sets of cortical processes the sensations determined in the two areas, 
the after-image and ite halo, may alternate in consciousness. If the W patch be of medium 
brightness and sharply defined, and the fixation be long continued (60 seconds or more), 
the amount of X-substances diffused out is greater, so that the amount of X-substances 
accumulated in the unit’area of the surrounding parts may be greater than in unit area 
of the directly affected part, and the fatigue of the directly affected area is considerable. 
Hence the cortical processes excited by the activity of the X-substances in the former 
area predominate over those excited by the X-substances in the latter and completely 
inhibit them, and the after-image therefore appears as a W halo surrounding an S area 
In another passage (p. 347) McDougall supposes a similar explanation 
for the white after-image of a black disc fixated on a white background. 
Previously reported observations [Creed and Granit, 1928; Creed 
and Harding, 1930] on the after-images of white circular discs on a 
dark background seemed to me difficult to reconcile with this hypothesis. 
If, for example, that part of the retino-cerebral apparatus which has 
been excited by the image of the disc only gives rise to a dark (negative) 
after-image when it is fatigued or when it is stimulated by a lower con- 
centration of X-substances than are surrounding areas, ought not that 
area to be visible at once on looking at a white surface? Yet frequently 
[see also Juh&sz, 1920] nothing is to be seen for several seconds except 
a homogeneous white field, And why should the after-images of small 
discs show a longer latency than those of large discs? The extremely 
long latent period, ¢.g, 18 sec. [Creed and Harding, 1930], which may 
elapse before any after-image becomes visible in complete darkness, 
presents still greater difficulties. But these objections are perhaps not 
insuperable and do not affect the basic assumption that bright halos are 
due to diffusion of photochemical products. 7 
Accurate measurement of the width of the halos under various con 
ditions was first attempted. It was difficult to secure reliable values, 
but the halos were not found to increase noticeably in width from the 
time of their arrival. More promising results were obtained, however, 
by the reverse procedure, viz. observing the after-images in complete 
darkness of a black object seen on a white background. According to 
McDougall’s theory, a negative after-image of a black circular hole in 
@ white field appears white because substances set free in parts of the 
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retina surrounding the image of its edge have diffused in towards the 
eentre. If the diffusion time is short, the appearance to be expected in 
the after-image 1 is @ bright ring with a sharp outer edge and a less well- 
defined imner edge shading off into a black centre. If the after-image 
should appear as a uniformly white disc occupying the whole area pre- 
viously occupied by blackness, it must mean that sufficient time has 
elapsed for a considerable concentration to have been reached even in 
the centre. Experiments were therefore performed to determine the 
shortest interval after beginning to fixate the primary object at which 
the after-image appeared as a complete white disc. The amount of 
diffusion which could have occurred from the periphery to the centre 
during this interval was then determined. 


Mernop. 


‘measuring 51 x 64cm. and coated with a mixture of zinc oxide and 
barium sulphate. Above and below the cardboard the entrance was 
occupied by curtains. In the middle of the cardboard was a circular 
hole 32:3 cm. in diameter. When observed from a distance of 50 cm. this 
hole gave a retinal image 1 cm. in diameter and subtended a visual angle 
of 35° 50’. Along one of the diameters of the hole was stretched a piece 
of black thread. A knot tied at its mid-point formed a convenient central 
fixation mark. 

Even after half an bina? s dark adaptation nothing could be seen of 
the objects in the dark-room behind the hole except a faint glow reflected 
from a piece of black velvet which was attached to one of the side walls 
of the room and so placed that.all light passing direct through the hole 
fell on it. This patch of light was not in the field of view of the observer 
sitting outside, whose retina therefore received no luminous flux from 
the area enclosed by the edge of the hole except what little was reflected 
from the black thread. That the latter was insignificant in amount was 
shown by the fact that nothing corresponding with the thread was ever 
seen in the after-images. 

The experiments were all carried out on dark nights. The sole source 
of illumination was an electric opal-glass bulb of approximately 50 c.p., 
which was placed behind and to the left of the observer, at the same 
height as, and 150 cm. distant from, the centre of the hole. A line joming 
it and the centre of the hole made an angle of about 45° with the plane 
of the cardboard. The lamp was controlled by a switch which the observer 
held in his hand. 
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The observer was provided with a chin rest and sat opposite the 
fixation mark which was 50cm. from his eyes. His line of sight was 
‘perpendicular to the plane of the hole. Except where otherwise stated, 
the object was fixated binocularly. A metronome beating seconds was 
-used for timing. (In a few experiments this was replaced by a stop- 

watch, in which case both it and the light switch were operated by a 
second person.) Observers were given 20-30 min. in complete darkness 
at the beginning of each experiment. In most experiments the left side 
of the observer's face was screened from the lamp’s direct rays. 

When observations were being made, the observer waited in darkness 
until all after-images resulting from previous stimuli had vanished: He 
then switched on the light at one beat of the metronome, and fixated the — 

mark steadily until, after 2 or 3 sec., he switched the light off again. He 
noted the time at which after-images appeared and also the character 
of these images. Needless to say, some practice is required before 
confident reports can be made, but most observers appear to be fairly 
reliable after half a dozen trials. ee 
from the turning on of the light. ae 


OBSERVATIONS. 


I have made thirty-seven separate determinations in the way 
described above on seven different occasions. The sequence of events 
has always been the same. Within 2 or 3 sec. of the extinction of the 
light there appears a positive after-image, in which a large amount of 
detail in the curtains and other features surrounding the white screen 
can be made out. At about 11 sec. (from the turning on of the light) 
the black circular area in the middle of this image becomes cream or 
dirty white. The change occurs simultaneously in all parts of the disc 
and there is no difference of luminosity between its centre and its edge. 

The surrounding image of the screen meanwhile remains unaltered, 
but its whitish surface does not fuse with the white image of the disc: 
in other words, the disc retains its sharp edge. Two seconds or so later, 
the screen too becomes negative and thereafter remains black. Where 
its edge was adjacent to dark objects such as a black curtain, its negative 
image may ‘be surrounded by a bright halo. The white circular image of 
the disc is visible for about 5 sec. When it disappears, the black after- 
image of the screen extends uninterruptedly across the centre of the 
field of vision. Later recurrences of the white disc are frequently seen. 

This mutual independence of the periodicities of the after-images of 
disc and screen is of interest as showing that we are not dealing with a 
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gap in the screen after-image, but that the hole constitutes a separately 
perceived object. In some experiments performed with a different tech- 
nique there appeared indeed to be rivalry between the negative after- 
image of a black circular object and that of a surrounding white area. 
The two tended to alternate in consciousness, the disappearance of one 
coinciding with the arrival of the other during several successive phases. 
When the edge of the white screen was not far removed from that of 
the black disc, it was noticed on one occasion that the appearance of an 
after-image of the upper edge only of the disc occurred simultaneously 
with the disappearance of the upper edge only of the screen with its 
halo 


In the main series of experiments, the intervals which elapsed be- 
tween the turning on of the light and the appearance of the homogeneous 
white after-image of the black hole were the following. After 2 sec. 
illumination, the interval was 10 sec. once, 11 sec. twenty-three times, 
and 12 sec. once. After 3 sec. illumination, it was 11 sec. five times, 
12 sec, six times, and 13 sec. once. 

The interval was not sensibly affected if only one eye received the 
primary image, or if the image was formed on peripheral parts of the 
retina. Thus in three successive observations in which the right eye was 
covered and the right edge of the hole was fixated with the left eye for 
2 sec., @ positive after-image appeared in each case at 4 sec., to be re- 
placed by a negative image of the hole at 11, 12, and 11 sec. respectively. 
Nor did reduction of the intensity of the illumination by using a 6-5 c.p. 
lamp produce any alteration, five observations with a fixation period of 
3 sec. giving intervals of 13, 12, 11, 11, and 11 sec. 

When the fixation period was prolonged to 30 sec., the negative after- 
image became more intense and more persistent. In a few observations 
of this type I never saw a positive after-image. About 1 sec. after 
turning off the light a bright narrow ring, with a sharp outer edge 
probably coinciding with the previous position of the edge of the hole, 
was sometimes seen on a uniformly black background. After 3 or 4 sec. 
the dark centre filled in. In all experiments a brilliant homogeneous disc 
on a black ground was present at 35 sec. and continued with intermissions 
until 80 sec. or later. 


In order to check these results, some observations were made by six undergraduates 
who were unaware of the purpose of the experiments and who had no preconceived notions 
of what they were likely to see. They were merely told how to conduct the experiment, 
and were asked to say what they saw and when they saw it. None of them had previously 
made systematic observations of after-images. Anyone with experience of this type of 
experiment will realize how difficult it is for a novice td appreciate and describe fleeting 
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, In each case, before results were recorded, a number of trial observations 
with varying fixation periods were made. 

With fixation periods shorter than 5 sec., four observers described only positive after- 
images. Similarly Com berg [1922] found that some individuals saw positive when others 
saw negative after-images of white objects under identical experimental conditions. One 
of these four reported a typical negative image at 29 sec. following 10 sec. exposure to 
the primary object. Another, who saw only positives with fixation periods of from 2 to 
10 sec., was tested on a subsequent occasion with weaker illumination from a 6-5 c.p. lamp. 
After 3 and 5 sec. fixation he still reported positives only, but when the primary fixation 
was lengthened to 10 sec. for three observations, he reported bright discs surrounded by 
darkness at 20, 22, and 22 sec. respectively, preceded in each case by positives. Thirty 
seconds with the light on gave rise to nothing definite before a well-marked negative of 
fairly uniform brightness appeared at about 43 sec. 

The fifth observer, on the two occasions when he was employed, gave results closely 
resembling those of the writer. When the light was switched off after 2 sec., he saw a black 
disc with a grey haze in the centre at 4-5 sec. This was replaced by a homogeneous bright 
disc at 13, 13, 14, 14, and 14 sec. in five successive observations. 3 sec. fixation gave 
similar positive images at 4-5 sec. which persisted until negatives appeared at 13, 14, 15, 
16, and 20 sec, The negatives all remained visible for 5-6 sec. Brilliant negatives, pre- 
ceded by positives, were obtained after 30 sec. of primary fixation. 


The sixth, who possesses only a right eye, saw a purplish ring the moment the light 


was extinguished, followed suddenly at 4-7 sec. by a positive after-image showing much 
detail, which lasted until 10-12 sec. and then faded. Later than this, in five observations 
with 2 sec. exposure, a pale purplish blue disc, of uniform: colour and luminosity at edges 
and centre, appeared at 17, 15, 15, 15, and 16 sec. and persisted for 13, 11, 10,8, and 
7 sec, respectively. After 3 sec. exposure, the appearances of the bluish purple luminous 
disc were at 18, 15, 16, 16, and 16 sec. and its duration varied between 9 and 14 sec. The 
colour, seen by this observer alone, was perhaps the same as the blue or iavender which 
Creed and Harding 
Ite causation is obscure. 


DEDUCTIONS. 


Within 12 sec, of beginning to fixate the centre of a black circular 
hole, the retinal image of which has a diameter of 1 cm, and is surrounded 
by white, it is therefore possible, and under certain experimental con- 
ditions usual, to obtain a uniformly white after-image occupying a corre- 
sponding area of the field of vision. Can artueon, as postulated by 
McDougall, account for this result? __ 

The following formula [A. V. Hill, 1928] gives the concentration y 
at any given time ¢ at the centre of a cylinder of infinite length surrounded 
_ by a substance at known concentration y, diffusing into that cylinder: 

The aie “s the centre of the area of retina concerned in the 
experiments described above obviously cannot exceed, and for small 


values of ¢ will be much tess than, that at the centre of a cylinder of 
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infinite length. It may safely be assumed too that the chemical sub- 
stance concerned is no more diffusible at body temperature than is 
sodium chloride at 15°C. or mannite at 53° C.; so that, if we use in 
our calculation the coefficient of diffusion of the latter substances, 
k<7 x 10 per cm.’ per min., the possible concentration at r = 0 will 
not be under-estimated. It should also be remembered that the con- 


 eentration in the area surrounding our circular zone is not maintained 


constant throughout the 12 sec. It presumably reaches a maximum at 
the end ‘of the fixation period, and thereafter falls. On all counts, there- 
fore, a calculation on the basis indicated will give an outside maximum 
for the concentration at the centre of the image. 

Unfortunately the series is only slowly convergent for small seek 
of t, but it can be proved mathematically (see Appendix ce that with 


t= 0-2 min., k= 7 x 10-*cm.*/min., and r,=0-5cm., |~ does not 


exceed zero by more than 10-1! Even at the end of 1 min. n. the value 
of the ratio is less than 10-*. | 

It is then quite certain that the whiteness of the centre of the after- 
image is not due to diffusion of photochemical products into the corre- 
sponding region of the retina. Such a process might perhaps explain 
the whiteness of the periphery of the after-image, and it might be 
imagined that the centre was filled in psychologically in a manner similar 
to the familiar filling in of the blind spot. A fatal objection to this theory 
is the fact that under some conditions (vide supra) there is no difficulty 
in obtaining a ring-shaped after-image with a sharp outer edge and a 
less sharp inner edge. There is clearly no psychological necessity to 
complete the picture by filling up the gap in the centre: both a disc and 
ring are wholes in themselves and percepts. 


FurTuer OBSERVATIONS. 
With the ‘same technique some experiments have also been made 


with a smaller black circular hole 8 cm. in diameter, subtending a visual 
angle of 9° 8’, and giving a retinal image of radius 0-124cm. They 


‘support the conclusions which have just been reached and possess addi- 


tional features of interest. 

After 2 or 3 sec. primary fixation, the screen alone, with no sign of 
the hole, sometimes appeared in the after-images. As a rule, however, 
& white positive image of the screen was seen at about 5 sec., and upon 
it there appeared a bright negative image of the hole at 10 or 11 sec. 


_ The surrounding area became gradually darker, until this negative image 
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faded at about 14 sec. leaving a black rectangular negative after- 
image of the white sheet of cardboard. This sequence of events has 
been observed fifteen times. With fixation periods of 3, but not of 
2, sec. a distinct green tinge was often noticed in the after-image of the 
hole. 

The colour was better seen when the light had been kept on for 5 sec. 
The sequence was the same as that just described, and greenish negative 
images of the hole were noted from 11 to 20, 10 to 16, 10 to 16, and 
9 to 17 sec. respectively in four observations. With fixation periods of 
10, 20, and 30 sec., no positive after-images were seen before the arrival 
of bright green and very persistent negative images of the hole. After 
30 sec. illumination, the after-image is brilliant emerald green. With 
these long fixation periods, the hole appeared reddish black, sometimes 
surrounded by a faint green halo, before the light was extinguished. _ 

Similar green after-images have been previously described by 
Edridge-Green [1916; 1920, pp. 70-71], and, without any prompting, 
were spontaneously reported by the two untrained observers on whom 
I repeated my own experiments. They also detected pink during the 
primary fixation. One of them, after 5 sec. illumination, obtained reddish 
after-images which later changed to green. We are presumably dealing, 
- then, with complementary coloured after-images and have to explain 
why the primary image should be red. 

The. most probable explanation seems to be that light is reflected 
and scattered from illuminated portions of the inner wall of the eyeball, 
and that the colour is that of hemoglobin. Erythropsia under various 
conditions has been attributed to blood pigment by Darwin [1786, 
pp. 321-322], by Rivers [1901], and by others. In the present example, 
support is lent to this interpretation by the fact that exclusion of light 
from the peripheral parts of the retina abolished the colour. A series 
of uniocular observations was made, in some of which an artificial pupil, 
4mm. in diameter and giving a field of view 22 cm. wide in the plane 
of the hole, was worn. All lateral light was carefully excluded by a black 
velvet cloth, which also covered the other eye. With a fixation period 
of 10 sec., the time of appearance and disappearance of the first phase 
a the — after-image of the hole was as follows: 


Artificial pupil No artificial pupil 
13-16 sec. white 
13-16 sec, white 
12-16 sec. white 

13-17 sec, green 
14-18 sec, white 
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C The time relations were therefore unaffected, but there could be no 


doubt about the influence of the artificial pupil on the colour. No green 
was ever seen in the after-images of the larger hole. 

The same argument against diffusion as the explanation of the bright _ 
after-image holds as in the case of the 323 cm. hole. With fixation periods 


of 5 sec. or less, the after-image appears within 0-2 min. of the turning 
~ on of the light. A= | in Hills equation therefore does not exceed 


9-1 x 10-*. Employing this value in the expression given in the Appendix : 
to this paper, we find that the ratio of the concentration at the centre of — 
the area of retina involved to that at the edge is less than 10-. 


Discussion. 
Being forced. to abandon diffusion, we have now to consider what 


alternative explanations can be offered of the remarkable fact that a 


completely non-luminous object can give rise to a bright sheets: 
An analogy with the spinal reflex phenomenon of rebound muscular 
contraction following inhibition at once suggests itself. The analogy, 


_ however, is not so helpful as it appears at first sight. Central rebound 


is essentially a simpler matter in that there is no reason for assuming ~ 
more than two distinct processes, viz. central excitatory state and central — 
inhibitory state, to be interacting within the grey matter of the cord. 
The same may be true of the visual pathways, but in the rod and cone 
layer of the retina most theories require at least four separate photo- 
chemical effects. Moreover the mechanism of rebound is still uncertain. 
On the one hand, it may represent post-inhibitory exaltation of spon- 
taneous central activity, the exaltation being merely the result of pre- 
vious inactivity. On the other hand, it may only follow stimulation of 
mixed afferent nerves and express excitatory after-discharge outlasting 
inhibitory [see Fulton, 1926, pp. 309-312; Forbes, Davis and 
Lambert, 1930, p. 167]. 

There appear to be six ways in which an explanation may be 
sought: 

I. Products of a photochemical reaction might be carried, not by 
diffusion, but by the blood stream, to regions of the retina adjacent to 
the image of a luminous object. If this were so, one would expect the 
course of retinal vessels to be entoptically visible in the experiments 
which have been described above. I have never seen the slightest trace 
of them either in bright halos or in. — circular ssearearaye the 


whole image appears uniformly bright. — 
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II. During the primary fixation, light may be both scattered in its 
passage through the media of the eye and reflected from illuminated 
areas of the retina, with the result that some of it falls on the region 
corresponding with the image of the hole. The bright after-image may 
. then be due to long-lasting effects of this stimulus on a portion of the 
visual apparatus which is unfatigued relatively to portions belonging to 
surrounding areas of retina. It was by a similar argument that Charles 
Darwin’s father, in an interesting and almost forgotten paper on after- 
images [R. W. Darwin, 1786], interpreted the pink halo surrounding 
the green “reverse” after-image of a small pink object on a white 
background. 

Although this possibility cannot be entirely excluded and was in fact 
_ suggested above as the explanation of certain coloured effects, I do not 
think it can seriously be regarded as the solution we are seeking. The 
after-image seems far too bright [cf. Hering, 1878, p. 100] to be caused 
by so feeble and doubtful a stimulus. During the primary fixation period 
the hole appeared intensely black. Moreover, protection of the eyes from 
the lateral glare of the lamp had no effect on either the phenomenology 
or the time relations of the after-images. On one occasion a spectacle 
frame surrounded on all sides by black velvet was worn, thus restricting 
the field of view to 66° 30’. The appearance of the after-images was 
absolutely unchanged. In three successive observations with 2 sec. 
fixation period, the positive after-image of the hole was replaced by the 


negative at 11, 10, and 11 sec. respectively. It will also be remembered 


that no alteration was produced by reducing the intensity of the illu- 
mination sevenfold. Nor with the smaller black hole were the time 
relations affected by an artificial pupil. 

In a few preliminary experiments a black paper disc which undoubtedly reflected some 
of the incident light was used instead of the black hole. The after-images were invariably 
white discs of considerable luminosity, and they appeared earlier (viz. at about 5 sec.) 
than did those of the black holes. Although the latter fact may not be incompatible with 
their being positive after-images, it is at any rate what would be expected were they 
negative and caused by the blackness of the primary image. Granit, Hohenthal, and 
Uoti [1930] find that the latent period preceding negative after-images of white objects 

lengthens with increasing strength of stimulus. So here the hole is more intensely black 

than the black paper, and its white after-image arrives later. It is also worth while to 
note that the after-images of the disc were whiter than the positive after-images of the 
surrounding white screen which were sometimes seen as well in these experiments. 


III. The light-chaos or Higenlicht of the visual apparatus, which is 


caused by spontaneous activity in the retina or the central structures 
connected with it and which is manifest in the total absence of any 
physical stimulus, may constitute the bright after-image. It may be 
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subjectively intensified by comparison with the diminution or lack of 
Eigenlicht (resulting from fatigue) in parts of the visual field which have 
recently been occupied by luminous objects. 

As regards bright halos surrounding the black after-images of white 


. objects, both Hering [1878, pp. 6-17] and McDougall [1901, p. 347] 


have pointed out the inadequacy of such an interpretation in terms of 


_ psychological contrast. The luminosity of the halo is far too great, as 


compared with that of Higenlicht, to be ascribed to an error of judgment. 
The same argument [cf. Hering, 1878, p. 100] makes it inconceivable 
that the observations described in this paper can be thus interpreted. 

This explanation is also negatived by the fact that the white after- 
image was, on its first appearance, surrounded by the white positive 
after-image of the screen. 

IV. Higenlicht might be intensified, not by mental comparison, but 
by “drainage of nervous energy” [McDougall, 1903] from the sur- 
rounding retinal areas. The inherent difficulties in the drainage theory 
of inhibition have been pointed out by others (Sherrington, 1906; 
Bayliss, 1924]. To these general objections may be added, in the special. 
case now under discussion, the consideration that there is no place from 
which large quantities of energy can drain, if it be true that the parts — 
of the visual apparatus which have been stimulated by white light 
during the primary fixation have become fatigued. Such an explanation 


_ js also difficult to reconcile with the evidence that the periodicities of 


the after-images of disc and screen are often independent of one another, 
and that the white image of the former may disappear, leaving the 
intensely black image of the latter extending uninterruptedly over the | 


. atea previously occupied by the disc. 


V. The possibility cannot be ignored that black in itself may con- 
stitute an adequate stimulus to the retina. This assumption was, of course, 
one of the most striking and most novel features of Hering’s famous 
theory [1878] of opponent visual processes. He regarded white and black 
sensations as being at the two extremes of a continuous series of greys 
and as being evoked as a result of dissimilation or assimilation respec- 
tively of a hypothetical WS substance [1878, pp. 77-79]. If this sub- 
stance is in a condition of photochemical equilibrium, the sensation is 
one of mean grey. When, owing to the incidence of light on an area of 
retina, dissimilation exceeds assimilation, the corresponding part of the 
field of vision appears light grey or white; but on cessation of the light 


stimulus, the reverse change occurs and a sensation of black (or of grey 


darker than mean grey) may result. Hering also supposed that dis- 
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similation in one region excites increased assimilation in neighbouring 
regions and vice versa, and thus accounted for the phenomenon of simul- 
taneous brightness contrast. Probably no one would deny that black 
is only experienced as an effect of successive or simultaneous contrast 
with a luminous stimulus. 

On this theory, the after-images which we have been considering are 
explained as follows. A white object gives a black after-image because 
the dissimilation which occurred during the primary stimulation is now 
replaced by assimilation. The after-image is surrounded by a white halo 
because the corresponding region of the retina has previously been a site 
of increased assimilation: on withdrawal of the stimulus for this ab- 


normal assimilation, spontaneous breakdown of the accumulated material 


takes place. If, on the other hand, a black object on a white background 
has formed the primary stimulus, its after-image will appear white for 
the same reason that a black after-image has a white halo. 

Many formidable objections have been brought against Hering’s 
theory as a whole [see Parsons, 1924], but I do not think that we need 
therefore abandon the idea that black is the expression of retinal stimu- 
lation. The stimulus which evokes it may be qualitatively different from 
that which evokes white, without necessarily being, in a physical or 
chemical sense, a directly antagonistic process. For two entirely different 
reasons, Gotch [1903 5} has felt inclined to support the “conception of 
white and black as two distinct excitatory processes,” not “of opposite 
character,” and G. E. Miller [1930, p. 14] postulates that the retinal 
basis of white and black sensations is to be found in “two qualitatively 
different and not mutually opposed occurrences.” 

Certain molluscs retract their syphons when light incident upon them 
is suddenly obscured, but show no response to increased illumination 
(Sharp, 1883; Drost, 1887, p. 181]. 

Two independent lines of reasoning lead me to suspect, though with 
some hesitation, that black may indeed act as a stimulus to the human 
eye. By “black” is to be understood, of course, not what is experienced 
during more or less prolonged exposure to darkness, but the intense 
blackness experienced by contrast with brightness. 

The first is that a range of colour sensations can only be evoked by 
making black part of the stimulus. A mere reduction in the intensity 
of a red, orange, yellow, green, or blue stimulus, whether this consist of 
monochromatic or mixed spectral light, never gives rise to the sensations 
of brown, olive green, or slate blue. Black must in some way be added 

in order to produce these colours (as first pointed out for brown by 
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Herschel (1833]). Thus an orange or yellow patch may be made brown 
by simultaneous contrast when it is surrounded by a brightly illuminated 
white field [Helmholtz, 1867; Briicke, 1878; Hillebrand, 1889, pp. 
85-89; Hering, 1905]. Yellow and black may be combined to form 
brown on a rotating disc [Briicke, 1878; Hering, 1905], or a mixture 
of pigments may be employed. (Concerning the relation between yellow, 
olive green, and brown, see Oesterreich [1928], Kiesow [1929], and 
Miller [1930, p. 576].) In every case black must be added—“ induced” 


black in the first example, “objective” black in the second and third. 


These results could hardly be obtained if, as Helmholtz and others 
have supposed, black were a sensation resulting from zero stimulation: 
they seem to indicate that black is a positive stimulus. Still less can 
they be reconciled with the view that black is mere absence of sensation 
[Ward, 1905, 1916}. i 

A second argument which may be urged in support of the view that 


- black, evoked by successive contrast, constitutes a positive stimulus to 


retinal receptors is found in the electrical changes which occur in an 
eye exposed to light. When leads are taken to a capillary electrometer 
or sensitiye galvanometer from two points on the surface of a vertebrate 
eyeball, not only is a movement from the resting position registered 
when the light is turned on, but a similar effect occurring in the same 
direction is also noted when the light is turned off [Holmgren, 1871, 
1880; Dewar and M’Kendrick, 1873; Kiihne and Steiner, 1880, 
1881; Waller, 1900; Gotch, 1903, 1904; Einthoven and Jolly, 1908; 
Piper, 1910, 1911; Adrian and Matthews, 1927; Chaffee and 
Sutcliffe, 1930; Jolly and Hogben, 1931; and others]. 

The site and mode of origin of these rather complex changes of po- 
tential in the retina are by no means easy to determine [see Einthoven 
and Jolly, 1908; Garten, 1908; Waller, 1909; Piper, 1911; Fréhlich, 
1921]. The “off’’ effect, which has been found to be absent in the eyes 
of invertebrates [Beck, 1899; Piper, 1911; Fréhlich, 1921], is greater 
the longer the eye has been exposed to light. It follows the extinction 
of the light by about the same interval of time as does the “on” effect — 
the turning on of the light [Gotch, 1903 a¢; Adrian and Matthews, 
1927}. But what is of great significance for the present argument is 
that it gives rise to a considerable discharge of impulses along the optic 
nerve [Kiihne and Steiner, 1881; Adrian and Matthews, 1927]. The 
retinal-nerve time interval is of the same order of magnitude as that 
of the “on” effect [Adrian and Matthews, 1927]. 

It is certain, therefore, that a burst of impulses—and often a pro- 
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longed burst—is transmitted to the brain when a region of retina 
suddenly ceases to be illuminated. That the origin of these impulses is 
not to be sought in any temporarily increased spontaneous activity (or 
rebound of Eigenlicht) in parts of the retina adjoining that which re- 
ceived the bright image is shown by the effect being well marked after 
the whole of the retina has been simultaneously illuminated [Adrian 
and Matthews, 1928]. It does not seem to me extravagant to suggest 
that such impulses in ourselves may subserve the sensation of black. 


Merely to grant that regions of the retina on which the images of 


black objects fall are thereby stimulated does not, however, suffice to 
explain the after-images which have been described. What it does do is 
to surmount the difficulty of supposing something definite and striking 
to ensue from zero stimulation. There remains the question why the 
after-image should appear white. It would be unprofitable to pursue 
this problem far in the absence of more detailed information. If black 
and white stimuli cause directly antagonistic effects in the retina, a 
solution can at once be found on the lines suggested by Hering. If 
they do not so act and if their incompatibility or antagonism is psycho- 
logical and physiological rather than photochemical or phygical, the 
problem becomes slightly more complicated. A tempting comparison is 
the relation between cold and warmth applied to the skin, where there 
is undoubtedly. a dual mechanism of heat spots and cold spots sub- 
serving, in part at least, temperature sensibility. But though simul- 
taneous and successive contrast may be demonstrated with thermal 
stimuli, nothing resembling a negative after-image has been encountered 
in senses other than vision. 

There are, however, several known examples of previous excitation 
of one mechanism enhancing the sensitivity of other mechanisms to 
qualitatively different, though not directly antagonistic, stimuli. Thus 
Allen [1923, 1926] has shown that a region of retina may be made 
more sensitive to two well-defined portions of the spectrum in the red 
and green as a result of previous exposure to monochromatic violet light. 
It may be tentatively suggested, then, that a part of the retina and 
visual paths which has been stimulated by black, has thereby been 
rendered unusually sensitive to spontaneous excitation of the nature of 
Kigenlicht. 

VI. If the supposition that black, as experienced i in oui with 
luminous stimuli, actually excites retinal endings be discarded as im- 
probable and unproven, the findings reported in this paper must be 
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or between the paths by which visual impulses pass from these areas to 
the sensorium. The large body of evidence which proves the occurrence 


- of such interaction has recently been reviewed elsewhere (Creed, -_ 


and therefore need not now delay us. 

Almost any type of interaction could be invoked. Thus a nervous 
spread of excitatory effect from areas of retina stimulated by white light 
might be made the basis of a theory developed on lines similar to 


- MeDougall’s diffusion hypothesis. On the other hand, it would be 


equally plausible to postulate inhibition during the fixation period of 
all activity, retinal and cerebral, in the parts of the visual apparatus 
which are not being stimulated by light. On withdrawal of all external 
stimulation, Kigenlicht in these parts might be greatly enhanced as a 
result of the preceding inactivity. It would be waste of time to trace 
out in detail the consequences which are implied in these speculations. 
All that is desirable in the present state of ——e is to — their 
plausibility. 

I am unable to decide between alternatives V and VI. They are not 
indeed mutually exclusive. The theory regarding the nature of black 
outlined in the former section presupposes retinal interaction as the 
mechanism underlying black in simultaneous contrast, i.e. during the 
primary fixation period of these observations. The essential point is that 
the phenomena cannot be explained on Ebbecke’s [1928] or on any 
other theory of after-image production without assuming something 
positive to have been occurring in that part of the retino-cerebral 
apparatus which was concerned with the black portion of the primary 


SuMMaRY. 

1. When an absolutely black circular hole in a white field has been 
looked at for 2 or 3 sec., a white after-image may become visible in 
complete darkness within 12 sec. of the beginning of the fixation period. 
This is true even when the hole subtends 35° 50’ visual angle and its 
retinal image has a diameter of 1 cm. 

_ 2. It can be proved mathematically that no substances set free by 
photochemical action in the illuminated parts of the retina can, under 
these conditions, have reached the middle of the unilluminated area. 
Diffusion, therefore, will not account for the white after-image. 

3. The after-image of a smaller black hole (subtending 9° 8’) was 
found to be green under certain conditions. Reasons are given for 
suggesting that blood pigment may be responsible for inducing this its 
complementary colour. 


‘eee 
4 
gs 
Re 
: 
i 
ag 
ar 
« 
ay) 
+ 
< 
4 


262 OREED, 


4, Itis pointed out that the after-image is the after-image of a black 
object and is not a gap in that of the surrounding white screen. 

5. In an attempt to elucidate its causation a number of possible 
interpretations are examined. It is finally concluded either that the 
absence of luminous flux must in some circumstances have a direct 
excitatory action on the retina, or that nervous interaction between 
illuminated and unilluminated areas (or between the afferent paths con- 
nected with them) must be held to account for the phenomenon. The 
first of these possibilities is discussed at some length. 


I am wnder obligations to Prof. G. H. Hardy and to Mr J. H. ‘ 


Thompson for their willing assistance in mathematical difficulties. 
Without their help this paper could not have been written. 

_ I must also thank those who have acted as observers on various 
occasions, viz. Mr J. P. Dewsbery, Mr G. E. Godber, Mr D. H. Hertz, 
Mr F. R. P. Pepper, Mr W. R. Trotter, and Mr J. W. A. Turner. 


APPENDIX 
‘By J. H. THOMPSON, 


Tn objet ofthis appendix obtain an expression forthe 


e 4", 
when A is small (%m is the mth positive zero of J, (2); A =A): 
1, In the formula 


(obtained by porting v= 0 in equation (4), p. 394, Watson [1922)), 
put a=v,, dp? = and we have 


Multiplying (1-2) by and summing for all positive m’s, 
we obtain 
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¢ 2) is @ special case of a Fourier-Bessel expansion, and (putting 
y=Oin — (4), p. 586, Watson) we have 


when 0<¢2< 1. 


Hence 


(2) da [by (1-3)] 


m1 [2 de [by (1-5)] 


It is now dlear thet, in effect, the problem is solved. For if A is small, 
e7/44 ig extremely small, and we should expect the integral in (1-6) to 
be very small on account of the factor e~/4 in the integrand. To com- 
plete the solution we have to calculate the value of the integral in 
2. Integrating by parts, we obtain 

(a) dom [PO 0.21) 
where 
©(z) = 


{x (Vm 2) — Vind y (Vyn)}- 
Hence 


6 (since |J,(2)| < 
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3. some inequality for J, (vq) such as 
Tata) > which is suggested by the fact that J, (v,,) is of the 


onder —— when vq, is large. 


Consider the function 
¥ (2) = A (a) Jo? (a) + 2B (x). (x)-J, (@) + C (2). (2)... (81) 
Differentiating and substituting for and J, (2) from the 
formule 
ad,’ (2) + J, (2) = Jy (2), Je (2) = — J; (2), 
we obtain | 
(x) = [A’ (2) + 2B J? (2) 
+2[B" — 4 (2) — + O(@) | Jo(@).J, (2) 
Let A (z) = 2, and choose 
Then 
which is essentially positive, so that '¥ (x) increases with z. 
Now | 


and (v,) increases 88 v,, increases. 


(%m— gh) > (v4 da (ry) = 1-18, 
and we obtain | 


(va) > (3-3) 
mange 
Using (3-3) in (2-3) we obtain | 
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Buty,, > mm — 2/4 (see Watson, p. 489), so that 
| l 
< 
fil de 
+2 
Hence (2) | < (+52) 2. 
4, From (1-6) and (2+1) we obtain | 
| (since z > 1 in the integrand) 


(integrating by parts). 
Hence |< [308 + Tle 
which is the result. eae 
When. A = 5-6 x 10-+, we obtain 


Iam much indebted to Prof. G. H. Hard y, who suggested the method 
by which the problem has been worked out. 
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THE MEASUREMENT OF RED CELL VOLUME. 


ITT. Alterations of cell volume in extremely hypotonic 
solutions. 


By ERIC PONDER anp GEORGE SASLOW. 
_ (From Washington Square College, New York University.) 


1. Inrropvction. 


WE have recently studied the changes in the red cell volume of the rabbit 
in systems consisting largely of plasma, the tonicity of the system being 
modified, by the addition of small quantities of NaCl, KCl, and glucose, 
in such a way as to make the final tonicity of the medium surrounding 
the cells anything from an equivalent of 2 p.c. NaCl to 0-8 p.c. NaCl 
[Ponder and Saslow, 1930 5}. One of the principal results of these ex- 
periments was that red cells may increase in volume in hypertonic media, 
or may not decrease in volume as much as expected. We inferred from 
these findings that, contrary to general opinion but in conformity with 
the conclusions of K err [1929] and of Neuhausen and Breslin [1923], 
osmotically active substances such as Na and K may enter the erythro- 
cyte from hypertonic solutions surrounding it. Owing to the nature of 
the methods employed in these experiments it was impossible to in- 
vestigate changes in volume in solutions of tonicity less than the equi- 
valent of 0-8 p.c. NaCl; itis important, however, that such changes should 
be investigated, particularly because the usual assumption that the cell 


_, can be treated as a perfect osmometer, impermeable to Na and K, is 


possibly at variance with the fact. In addition to this, the study of the 
volume changes in hypotonic solutions i is sr related to the study of 
“osmotic” hemolysis. 

The methods available for the measurément of red cell volume in 
hypotonic media turn out to be severely limited; for in a hypotonic solu- 
tion we have always to be prepared for the possible liberation of hamo- 
globin by the less resistant cells. The colorimetric method, for example, 
although desirable because of its high precision [Ponder and Saslow, 
1930 a], is unsuitable because the figure for cell volume obtained depends 
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on the measurement of the dilution of a hemoglobin solution; if hemo- 
globin is liberated by the red cells of the system, the whole procedure is 
invalid. The hematocrite method, which is commonly used for the pur- 
pose, is open to several objections. If cells hemolyse, the height of the 
hematocrite column is dependent not only on the volume of the re- 
maining cells, but also on their number; this cannot be found precisely, 
as one of us has already shown [Saslow, 1929]. Even if no cells hemo- 
lyse, on the other hand, we are faced with the difficulties attendant on 
the packing of bodies of different shapes and volumes, and on their 
sedimentation in solutions of different viscosities. The use of refracto- 
meter, conductivity, and viscosity methods is precluded for similar 
reasons, and calculation of the cell volume is impossible because of the 
curious forms which the biconcave discs assume as they swell; analytical 
methods are also of little value, partly because the quantities of analys- 
able substance exchanged (Na, K, etc.) are small in some of the systems 
to be studied, and partly because hemolysed cells may liberate these 
substances into the surrounding medium. 

We are accordingly compelled to use a method in which the measure- 
ments are not interfered with even by considerable amounts of hemolysis. 
This method depends on the fact that red cells immersed in large quan- 
tities of saline assume a spherical form when enclosed between a slide and 
coverslip’, and that the volume of this spherical form is the same as that 
of the cell when floating freely in saline [Ponder, 1929]. The radius of 
the sphere can be measured with great accuracy with a diffractometer of 
new design, and from the radius the volume can be calculated. 

1 The reason for the assumption of the spherical form is as yet unknown, but the 
_ spheres which result from enclosing red cells in saline between a slide and a coverslip re- 
present an extreme form of crenation in which no change in cell volume occurs. We have 
already pointed out that crenation is usually independent of volume change [Ponder and 
Saslow, 19306). Waller [1930] has recently suggested that the change to the spherical 
form is dependent on a sudden increase in external pH when the cells are placed in saline, 
and that there may be a temporary diminution in volume. It is true that the spherical 
_ form does not occur in acid phosphate buffers, but the important point is that it never 
occurs, be the medium acid or alkaline, so long as the cells are not covered with a coverglass. 
Covering them produces the spherical form at once, and in a number of suspension media of 
varying pH (e.g. NaCl solutions of pH 5-8-6-2, or in phosphate buffers of pH greater than 
7-0). We regard the spherical form simply as an extreme case of failure of the cell to 
maintain its normal shape; the reason for its occurrence is no doubt similar to that for the 
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2. Metuops. 


(a) The diffractometer and its use, 
_ The base of the instrument, which can be levelled by three levelling 


screws, is essentially an optical bench which carries the mercury arc and 


a focussing lens. The mercury arc has already been described, and works 
on 100 volts p.c. with from 100 to 500 ohms in series. The lens is an 
achromatic combination 1 inch in diameter and of 2 inches focal length, 
and parallelizes the light from the capillary of the arc. Both the focussing 


Fig. 1. The diffractometer described in the text. 


Jens and the arc can move to and fro on the optical bench, and both can 


be raised or lowered. [See Allen and Ponder, 1928.] 

The parallel light falls on a surface-silvered plane mirror, attached to 
the upright part of the instrument, which is essentially another optical 
bench at right angles to that which forms the base. The mirror is movable 
in every direction, and, once adjusted, can be fixed in any desired position. 
The light from its surface now passes through a second achromatic lens, 
also 1 inch in diameter and of 2 inches focal length; this lens can be 
moved by a rack and pinion so as to focus the image of the luminous 
capillary of the arc on a pinhole, which can be centred on the optical 
axis of the instrament by means of three centring screws. At its focal 
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length from the pinhole is a third achromatic lens, identical with the 
first two; this parallelizes the light from the pinhole, producing a beam 
of light which passes upwards through the opening in the stage above. 
The stage, 4 inches square, has a central aperture 1 inch square 
through which the beam passes, and carries below it a series of racks for 
the insertion of colour filters. The entire stage, together with the filter 
racks, can be moved up or down through a distance of about } inch by 
means of a rack and pinion, so that the surface of the slide on which the 
cells are spread can be brought into the plane of the axis of rotation of the 
telescope. From the front of the stage there hangs a sheet of metal which 
shields the pinhole and the lenses from the direct light of the arc, and 
beneath the stage, surrounding the racks for the colour filters, are a 
series of metal plates which prevent scattered light passing up from below. 
The pivoted telescope is very similar to that in Millar’s [1926] instru- 
ment, and carries an achromatic object glass, 14 inches in diameter and 
6 inches in focal length, and also an eyepiece magnifying 3 to 5 times. It 
swings about an axis in the same plane as that in which the film of cells 


is situated (the latter, in practice, being brought into the same plane as — 


the former), and the amount of its rotation can be measured by a scale 
divided into degrees with a vernier reading to 0-05°; it can be moved 
either by hand, or by means of a fine adjustment. The eyepiece carries 
fine cross-hairs, which intersect on the image of the pinhole when the 
telescope is in the zero position. 

The apparatus is very simple to use, The arc is formed by heating the 
capillary of the arc with a Bunsen burner; it is best to start it with about 
500 ohms in series, and once it is burning steadily, to increase its intensity 
by reducing the resistance to about 200 ohms. The lens on the horizontal 
part of the instrument is set at its focal length from the capillary, and 
the mirror moved so that the image of the capillary covers the pinhole, 
which has previously been centred, by means of its centring screws, 
with the cross lines of the telescope when the latter is in the zero position. 
The image of the capillary is next focussed on the pinhole. The lens 
above the pinhole should now appear uniformly illuminated, and, on 
looking into the telescope, the image of the pinhole, with the brilliant 
image of the capillary of the arc crossing it, should appear on the inter- 
sections of the cross-hairs. The slide bearing the film of cells whose 
diffraction pattern is to be examined is placed on the stage, which is then 
raised or lowered until the surface of the slide lies in the axis of rotation 
of the telescope. The telescope is tilted until the vertical cross-hair lies 
in a selected position with respect to a selected diffraction band, and the 
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diffraction angle is read off on the scale. pee ween radios ¢ of the cells 
can then be calculated by means of the formula : 


(1) 


where A is the wave-length of the diffraction band selected, and k a 
constant which depends on the order of the spectrum and on whether 
6 has been measured for a maximum or a minimum. 

It has already been shown that this formula, which can be deduced 
from theoretical considerations, is applicable to the diffraction patterns 


Wig: tenctin’ tn the. neighbourhood of the anil 
_ mainimum for cells of diameter 7-84. Curve a: illumination function for cells of mean 
diameter 7:8, Curve 5: illumination function for cells of diameter 7-8u, ¢o=0-2y. 
the vertical lines indicate the diffraction bands as seen by eye. | 


‘of red cells when monochromatic light is used, i.e. when A is exactly 


known [Allen and Ponder, 1928]. At first sight one might think that it 
is under these very conditions that the accuracy of the diffractometer 
would be greatest; a little consideration will show, however, that the 
precision of the instrument can be increased by using it in a slightly 
different way. 

Consider the graph of the illumination function for monochromatic 
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shown in Fig. 2. Here J is the intensity of illumination in the diffraction 
pattern, r is the radius of the cell producing it, k is a constant depending 
on the wave-length A, and m is equal to (2zr sin 6)/A, 8 being the diffraction 
angle. At the points where J, (m) = 0 the illumination is zero and we have 
the various diffraction minima, while at the points where J, (m)/m is at 
@ maximum we have the illuminated diffraction maxima. If all the cells 
were of the same radius (7-8, in this instance), the illumination function 
would have the appearance of curve a in the figure, and the illumination 
at the minima would be zero, but if the cells are of varying radii, as they 
always are in practice, the function assumes a different form, e.g. that of 
curve b, and the illumination at the minima becomes greater while that 
at the maxima becomes less. The usual way of finding the diffraction 
angle @ is to set the cross-hairs over either the 1st or 2nd minimum or over 
the lst minimum; 6 is then read off on the scale, and, in using expression 
(1), the appropriate value of & (0-61 for the 1st minimum, 1-12 for the 
2nd minimum, and 0-82 for the 1st maximum) is employed. Inspection 
of the figure, however, will show that this ‘procedure is subject to two 
disadvantages, although it may be satisfactory enough for ordinary 
purposes. 

The diffraction pattern (for monochromatic light) appears to the eye 
as @ series of dark rings alternating with a series of bright rings; these 
rings, however, have no real objective existence as such, for they are 
brought about by the fact that the eye experiences the sensation of 
darkness when the illumination falls below a certain value, and of bright- 
ness when the illumination exceeds this value. In practice, when the 
cross-lines are set on any one maximum or minimum, the eye is not 
guided exclusively, or even largely, by maximal or minimal illumination, 
but the cross-lines are set so as to lie midway between the edges of the 
dark band which surrounds the minimum, or of the bright band within 
which the illumination rises to a maximum. It is easy to see from the 
figure that the region of the maximum is so flat that it is impossible to 
pick out a sharply delimited region of maximum illumination by eye; it 
is, of course, equally impossible to pick out the region of minimum 
illumination in a band which gives to the eye the sensation of blackness 
only. The process of setting the cross-lines midway between the edges of 
the illuminated or darkened bands is permissible when a high degree of 
accuracy is unnecessary, but when great precision is required, it is neces- 
sary to allow for the fact that the ratio of the distances ec/ed in the graph 
_ of the illumination function may differ considerably from 0-5. The ratio 
is, in fact, a function of the cell radius, and may be as great as 0-47 or as 
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small as 0-35; itis also, although to a lesser extent, dependent on the — 
general brilliance of the spectra. 

In order to overcome this very real difficulty in determining the 
position of the maxima and minima by eye, we may dispense with mono- 
chromatic light altogether, and avail ourselves of the fact that when the 
unfiltered light of the Hg arc is used the diffraction spectra consist of a 
series of alternating blue and yellow bands, the margins of which are, 
under proper conditions, very sharp indeed. The pattern of diffracto- 
meter described above has, moreover, such a large N.A. that the second 
order spectra are remarkably brilliant; the cross-hairs can therefore be 
set on the junction between the blue and yellow band of the second order 
spectrum, where it is possible so to adjust the telescope that blue lies on 
one side of the vertical cross-hair and yellow on the other, the position of 
the hairs being certain to less than 0-05°. The diffraction angle is now 
read off, and the radius of the cell calculated from the formula 


(3) 


The value of the constant (0-5472) was found by calibrating the 
apparatus, working with the unfiltered light of the arc, against the values 
found for the same films of cells when monochromatic oo was em- 
ploxed?. 

(b) The accuracy of the method. 

It in. necessary to show that the cells are perfect spheres when in the 
“spherical form,” and that the volume of these spheres is the same as the — 
volume of the same cells floating as “discoidal forms” in the medium in 
which they are examined. It can easily be demonstrated that these 
assumptions are correct when the cells are suspended in an isoplethe- 


_ chontic* solution of NaCl (1-12 p.c. for rabbit’s blood) by finding the 


volume of the individual cells by the diffraction method and comparing 


_ 4 This calibration is very difficult. In practice, one finds the radius of cells in the 
spherical form, and also of cells in dried films, with monochromatic light, measuring various 
maxima and minima; by the use of expression (1), one thus obtains a ‘‘ best value” for the 
cell radius in a particular preparation. The process is then repeated, using the same pre- 
parations, but determining @ with relation to the junction of the blue and yellow bands of 
the second order spectra. By use of expression (1), in which r and @ are now known, a value 
for kA is found; it is this which we have found to be 0-5472 in expression (3). The value of 
kA, however, as found by repeated calibrations of this kind, may vary by + 2 p.c. and such 
& variation may lead to a + 8 p.c. error in the figure for cell volume. We have selected the 
particular value 0-5472 because, in a number of experiments, this value of kA gave the best 
agreement with colorimetric measurements. 

* An isoplethechontic solution is one which maintains the red cell volume unchanged 
over a period of several hours [Ponder and Saslow, 19305). 
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this with the volume found colorimetrically. The following figures show 
the result of this procedure in five experiments: 

Volume, p? by diffraction 605 605 608 565 6560 

Volume, by colorimeter 59:0 608 599 540 

If we allow the usual error of + 2 p.c. we can conclude from these 
figures that the assumption of the spherical form does not involve a 
change of volume, at least in isoplethechontic solutions. It is well 
_ known that the appearance of spherical forms is not influenced by hypo- 
tonicity or hypertonicity, and so we shall suppose that, even in hypotonic 
and hypertonic media, the spherical form has the same volume as that 
of the discoidal form in the same medium. Indirect evidence of this will 
be found below. (See section 5, Hamatocrite determinations, in which it 
is found that the volume changes in hypotonic plasma (pH 7:2) are 
essentially the same as those in hypotonic NaCl solutions.) 

It remains to show what difference in volume can be detected by the 
diffractometer method. Rabbit erythrocytes in 1-1 p.c. NeCl, and in the 
spherical form, usually give a diffractometer reading of @ = 13°. It is 
possible to set the cross-hairs to within + 0-05°, %.c. a difference between 
13-1° and 13-0° is easily detectable. A reading of 13° gives a volume of 
62yu3, and one of 13-1° a volume of 60-5y*; it is therefore possible to 
detect a difference less than 2°, i.e. of + 2 p.c. The method is accordingly — 
as accurate as the colorimetric method, in addition to being of far greater 
utiJity when the erythrocytes are suspended in saline media. | 


(c) Preparation of systems of various tonicities. _ 

The type of system with which this investigation is concerned is one 
in which 0-1 ¢.c. of rabbit’s blood (prevented from clotting by the usual 
amount of potassium oxalate) is added to 5 c.c. of saline solutions, the 
tonicities of which range from an equivalent of 2 p.c. NaCl to tonicities 
sufficiently small to cause complete hemolysis. 

A series of solutions of pure NaCl was prepared in the following con- 
centrations (g. NaCl per 100 g. water): 2 p.c., 1-5 p.c., 1-3 p.c., 1-1 p.c., 
1-0 p.c., 0-9 p.c., ... 0-6 p.c., 0-58 p.c., 0°56 p.c., ... 0:36 p.c. In the case 
of the solutions of KCl, the following concentrations were used (p.c.): 
2, 1:5, 1:3, 1-1, 1-0, 0-9, 0-8, 0-78, ... 0-44; here each p.c. concentration, 
however, is expressed in terms of a concentration of NaCl of the same 
depression of freezing point. The steps of the series differ from those of 
the NaCl series because of differences in the resistance of rabbit erythro- 
cytes to hypotonic NaCl and KCI respectively. For glucose, the series 
used was the following (p.c.): 2-0, 1-5, 1-3, 1-1, 1-0, ... 0-6, 0-58, ... 0-26. 


tx 
; 
ay 
« 
~ 
a 
Py. 
* 
Ai 
ta 
of 
4 
oe 
aN 
‘ 
vq 


MEASUREMENT OF RED CELL VOLUME. 275 


These figures again are in terms of equivalent concentrations of NaCl. 
The pH of all these solutions was between 5-8 and 6-0', All solutions keep 
well in the refrigerator. 

To 5 c.c. of each of these solutions of NaCl, KCl and glucose i is added 
0-1 ¢.¢. of rabbit’s blood; this will be found to be the best quantity for 
the production of sharply defined spectra. If too much blood is added, 
the concentration of plasma in the system prevents the assumption of 
spherical forms; if too little is added, the spectra are faint, although it 
should be pointed out that the brilliance of the spectra depends more on 
the homogeneity of the cells with respect to radius than on their absolute 
number. The tubes containing the solutions to which the cells have been 
added are allowed to stand at 25° for one hour. At the end of this time 
their contents are shaken up; a small sample is withdrawn on to a slide, 
covered with a thin coverglass, and the diffraction angle measured within - 
a minute of the withdrawal. The cell volume is calculated from the value 
of 6. 

3. PRELIMINARY EXPERIMENTS. 


in order to discover the points about which more detailed information 
was required. An illustrative example is given in the following table, 
which refers to rabbit erythrocytes. 

The various entries in this table require some explanation. It will be 
seen that the object of the experiment is to investigate the volume of the 
cells at three stages of “swelling”: (1) when the cells are suspended in 
plasma or in an approximately isoplethechontic solution of NaCl, KCl 
or glucose, (2) when the cells are suspended in solutions just too strong to 


‘cause lysis, and (3) when the tonicity of the suspension medium is such 


as to produce about 60 p.c. haemolysis. 


1 Experiments on systems made up with solutions of pH 5-8 to 6-0 cannot necessarily 
be depended on to tell us much regarding volume changes of cells under physiological con- 
ditions or in media whose pH is nearer that of plasma. Such systems are worthy of study 
nevertheless, especially as they are similar to those usually employed in experiments on 
osmotic changes in red cells and red cell fragility. It happens, however, that they tell us 
more about the behaviour of cells in plasma of various tonicities than they might be ex- 
pected to, a fact which is accounted for by the effect of pH on red cell resistance being less 
important than is generally supposed (see p. 289, n. 1). For example, the red cell volume, 
which is closely related to red cell resistance, is practically the same in unbuffered iso- 
plethechontic NaCl and glucose (which are of the same equivalent concentration) as in 
highly buffered mixtures of cells in their own plasma. It is quite possible that, if we were 
interested in the behaviour of cells under strictly physiological conditions, we would require 
refer only to the systems in which they were obtained. ie. 
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Plasma NaCl KCl Gincose 
1. Plasma or 1-1 p.c. NaCl or equivalent: | 
Volume of cells by colorimeter, 60 ~ 
Volume of cells by hematocrite, 57 
Volume of cells by diffraction, 62 66 61 
2. Lysis zero: 
Concentration (NaCl equivalent) p.c. O56 0-36 
Volume of cells by diffraction, u* — 1% 76 77. 
3, Advanced lysis: | | 
Concentration (NaCl equivalent) p.c. — 0-48 0-52 0-28 
of lysis p.c. — 61 60 65 
Volume of Salts by diffraction, p* — 82 81 83 
4. Lysis complete: : 
Concentration (NaCl equivalent) — _ 0-40 0-46 0-24 


(1) When the cells are suspended in their own plasma, their volume — 


can be found by the colorimetric method already described [Ponder and 
Saslow, 1930], and this can be regarded as the “normal” volume, 
correct to + 2u*. The cell volume can also be found by the use of a 
hematocrite of the ordinary type; the hematocrite tubes which we use 
are 100 mm. long, sealed at the lower ends, and revolving at 4000 r.p.m. 
for 10 minutes. This method can be used only when the cells are suspended 
in plasma, and not when they are suspended in NaCl, KCl or glucose, 
for in systems in which 0-1 c.c. of blood is added to 5 c.c. of suspension 
medium, the percentage volume of the cells is so small that accurate 
measurements of the length of the column of packed cells cannot be made. 
_ The results of a number of extensive experiments similar to that re- 
ported in the above table bring out several points of importance. (i) In 
general we have found a remarkably close agreement between the cell 
volume as found by the colorimeter and as found by the hematocrite. 
‘Usually the difference between the volumes yielded by the two methods 
has been less than the error attached to the former, although sometimes 
the difference has exceeded 5 p.c. Such differences are not surprising in 
view of the conclusions which we have already reached regarding the 
variability of hematocrite determinations [Ponder and Saslow, 
1930 a]; our experience suggests, however, that 10 minutes’ spinning at 
4000 r.p.m. generally gives about the right volume for rabbit erythro- 
cytes. (ii) The volumes found by the diffraction method for cells sus- 
pended in 1-1 p.c. NaCl, KCl and glucose, generally agree fairly closely 
with the volume of the cells in plasma; sometimes, however, the volumes 
found in the KCI solutions are slightly larger than those found in plasma, 
NaCl or glucose. This is the same kind of result as we obtained by the 
colorimetric method in a previous investigation and in systems containing 
a large amount of plasma [Ponder and Saslow, 19308]. _ 
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(2) In attempting to find the volume of cells in solutions just too 
concentrated to produce hemolysis, one dare not use the colorimetric 
method lest undetected quantities of hemoglobin should be liberated 
from the cells and lead to erroneous results. The ordinary kind of hemato- 
crite cannot be used, for reasons already stated; the volume can accord- 
ingly be estimated in absolute units only by diffraction. 

Four conclusions appear from the results in the section “lysis zero.”’ 
(1) The solutions of NaCl and KCl at which lysis begins have very nearly 
the same freezing point, but the solution of glucose at which lysis com- 
mences is much more hypotonic. This, it may be mentioned, is a very 

constant finding, not only with the cells of the rabbit, but also with those 
of many other mammals. This observation alone is sufficient to show that 
hemolysis by hypotonic solutions cannot be treated as a simple osmotic 
effect, for, if it were, we would expect that solutions of NaCl, KCl and 
glucose, just too concentrated to initiate lysis, would be of the same 
equivalent concentration. (ii) The three substances, although in different 
equivalent concentrations, produce the same amount of swelling of the 
cells in solutions just too concentrated to initiate lysis. This is a most 
important result, for the classical view regarding hypotonic hemolysis, 
viz. that water enters the cell, increases its volume, and stretches its 
surface, tacitly assumes that the same amount of stretching, and with it 
the same amount of swelling, takes place irrespective of the nature of the 
substance in hypotonic solution. Jacobs[1926~7], moreover, specifically 
postulates a “hemolytic volume, Vy,” at which the cell, behaving as a 
perfect osmometer and having taken in a definite quantity of water, 
hemolyses. (iii) We may assume that cells suspended in 0-56 p.c. NaCl, 
0-58 p.c. KCl, or 0-36 p.c. glucose are in osmotic equilibrium with the 
large volume of fluid surrounding them, for it can be shown by diffracto- 
meter measurements that the final volume of the cells (76, in this case) 
- is assumed in these systems within a minute. Treating the cell as a perfect 
osmometer, we can then calculate the volume of the cell at equilibrium 
from the amount of water which should enter, always provided that we 
know the quantity of ‘osmotically active” water which the cel] contains. 
It will be seen from the above figures that the increase in volume just 
before lysis begins is 26-28 p.c.; the increase in volume which should have 
occurred, however, on the assumption that all the water in the cell is 
_ “free,” is about 67 p.c. in the case of NaCl and KCl, and over 130 p.c. 
in the case of glucose. We are accordingly forced to conclude that, if we 
‘ look upon the cell as a perfect osmometer, only about 50 p.c. of its 
contained water (and less in the case of glucose) appears to be “free.” 


af 
aq 
aa 
‘ 
Ay 
“aS 
ke 
# 
Bes 
"aa 
‘J 


978 PONDER AND G. SASLOW. 


(3) The figures under the section ‘advanced lysis” lead to two con- 
clusions. (i) Approximately equal degrees of lysis may be produced by 


solutions of quite different equivalent concentrations; NaCl and KCl are 


again more similar to each other than either is to glucose. (ii) When 
about 60 p.c. of the cells are hemolysed, the remaining cells present the 
same volume (81-83%) in NaCl, KCl and glucose. Here again the 
swelling (36-38 p.c.) is that which would be expected in a perfect osmo- 
meter, such as the cell is generally believed to be (e.g. by Jacobs, Ege 
[1921], Hamburger [1902], Warburg and Winge [1928], Christen- 
sen and Warburg [1929], Koeppe [1900], and many others), provided 
only about 50 p.c. of its water is considered “free.” 

(4) The concentrations of NaCl, KCl and glucose which cause com- 
plete hemolysis are again quite different, although NaCl is more like 
KCl than either is like glucose. 

Summarizing the conclusions which can be drawn from these pre- 
liminary experiments, we see that the red cell can be treated as a perfect 
- osmometer, impermeable to Na, K and glucose, only if we assume that 
about 50 p.c. of its contained water is “free” when it is immersed in 
NaCl or KCl, and that about 25 p.c. is “free” when it is immersed in 
glucose. Such assumptions are altogether untenable, particularly in view 
of Hill’s demonstration [1930] that more than 90 p.c. of the water is 
“free,” and also in view of our own recent results [Ponder and Saslow, 
1930 6), which, together with the analyses of Kerr [1929], show quite 
clearly that the assumed impermeability of cations is non-existent, at 
least in solutions which are not isoplethechontic. 

At the same time, one cannot overlook the fact that, in spite of this 
anomalous behaviour of the cells as osmometers, hemolysis begins when 
a volume of 76-77,* is reached (26-28 p.c. increase over the “normal” 
volume), and reaches 60 p.c. when the volume reaches 81-838 (36-38 p.c. 
increase), irrespective of the nature of the hypotonic solution, and in 
solutions of NaCl, KCl and glucose of quite different equivalent con- 
centrations. The fact accordingly remains that the cells begin to hemo- 
lyse when a “critical volume, V,” is reached, as postulated by Jacobs. 
But for such a critical volume to be reached, it is by no means necessary 
that the cell shall exchange water with the suspending medium in the 
ideal way; all that is necessary is that the cell shall gain water, and so 
increase in volume; this it can do even if it is constantly losing cations 
into the surrounding hypotonic medium. 
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4. THE RELATION OF SWELLING TO THE TONICITY 
OF THE SURROUNDING MEDIUM. 


In view of the fact that the cells increase in volume in the anomalous 

| fashion already described, it is important to establish, with the greatest 
exactness possible, the relation between the amount of swelling and the 
tonicity of the medium in which the cells are suspended. This can be 
done by the diffractometer method, 0-1 c.c. of rabbit’s blood being added 
to 5 c.c. of solutions of NaCl, KCl and glucose of various tonicities, and 
¢ .. the volume assumed by the cells at the end of an hour being calculated 

from the radius of the spherical forms. 

_ The results of one typical experiment are shown in the tabular form 
below. For each substance there are four columns. The first, headed 
tonicity, shows the tonicity of the suspension medium in terms of grams 

per 100 g. water and in terms of NaCl solutions of the same depression of 

» freezing point. The second column shows the average volume of the cells, 
and the third the percentage of lysis present; the fourth column shows 
that percentage of the water contained in the cell which appears to be 


“free” if the cells are regarded as perfect osmometers impermeable to 
Na, K and glucose. It is assumed throughout that the total water con- 
tained in the cell occupies 67 p.c. of its volume’. 


NaCl KCl Glucose 

Toni- Volume Toni- Volume Toni- Volume p.c. “free 
city water” city water” city water 
10 63 1-0 62 10 59 
0-9 0-9 63 27 0-9 61 
0-8 6 — 30 0:8 67 _ 42 0-8 62 _ —_ 
0-7 73 59 0-78 69 — 58 63 36 

0-6 78 — 56 0-76 70 61 0-5 71 20 
0-58 78 a 51 0-74 70 —_ 55 0-46 75 26 
0-56 81 — 54 0-72 _ — — 0-36 78 0 21 
054 82 53 0-70 74 66 0-34 26 
050 — Trae — 030 6 — 
0-48 86 31 51. 61 0-26 _ 50 
0-46 86 54 47 0-60 78 — 58 0-24 — 100 — 
0-44 74 0-56 78 50 

oo — 0: 82 Trace 52 
0-40 — 100 0- 84 53 


7 1 67 p.c. is an average figure; the actual amount may vary in different rabbits. Such 
variations do not affect the general arguments in this paper, although they may affect 
numerical values. The same remark applies to the figure 1-12 p.c, NaCl, taken as the . 
tonicity of the cell interior. 

o& * Volumes unobtainable owing to poor spectra. 
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A set of representative results are plotted in Fig. 3, and, like those shown 
in the table, bring out two points clearly. (i) As in the preliminary ex- 
periments, the cells begin to hemolyse when the average volume reaches 
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Fig. 3, Ordinate, cell volume in p*; abscissa, tonicity of external medium, in terms of 
g. NaCl per 100 g. water. The crosses show the data obtained with solutions of NaCl, 
the circles the data with solutions of KCl and the triangles the data with solutions of 
glucose. Curve a shows the expected volumes if all the cell water is considered to be 
“free,” and curve b shows the expected volumes if 50 p.c. of the water is considered Y 
“free.” The volumes attained at various degrees of lysis are indicated by the transverse 
lines. 


about 80y*, this figure being virtually the same in NaCl, KCl and glucose, 
although the equivalent concentrations of the three substances are by no 
means the same. The “normal” volume of the cells is about 60y?; 4 
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the increase is accordingly about 33 p.c. (ii) In solutions of all three 
substances the volume becomes continuously greater as the tonicity 
: diminishes, but it will be seen from the graph that the volume increases 
§3 in NaCl and KCl are not greatly different from those we would expect if 
te the cell were impermeable to Na and K, and only 50 p.c. of the water 
contained in the cell were “osmotically active?” ; in the case of glucose, 
on the other hand, the increases are such as would be expected if only 
25 p.c. of the contained water were “free.” Even on these assumptions, 
of course, some of the observed points deviate somewhat from the ex- 
tw pected values, but the deviations are rarely greater than the allowable 
| experimental error. 

As we cannot maintain the fiction that the cell is a perfect osmometer, 
impermeable to Na, K and glucose, and containing different amounts of 
osmotically active water, we must account for the observed volume 
: changes in some other fashion. The simplest way of accounting for them 
’ ___ is suggested by the experiments which show that Na, K and glucose can 
| enter the cell from a hypertonic solution [Ponder and Saslow, 1930 6] 
and can leave the cell when the latter is suspended in a hypotonic solution 
[Kerr, 1929]. 

The problem may be stated as follows. Suppose that the cells contain 
water to the extent of 67 p.c. of their volume, and that nearly all of this 
water is osmotically active; the percentage of osmotically active water, in 
4 terms of the total volume of the cell, may then be called Q, (nearly 67 p.c. 
| in this case). Suppose, however, that the cells swell in hypotonic solu- 
tions as if they contain a smaller percentage of osmotically active water, 
Q,; the problem is then to find, on the assumption that the cells lose 
osmotically active substances, the quantity of such substances lost in 
order to give the observed values of Q,. 

To do this we proceed in the following way, using relations which are 
easily established from first principles. It is to be borne in mind that the 
figures used refer to the systems employed in experiment, %.e. in which 
the relative quantities of cells and of suspension medium are in the pro- 
portion of 1 litre to 100 litres. 

Let the tonicity of the medium (grams p.c. in terms of NaCl), multi- 
q plied by 1000, be denoted by 7’, and suppose that the tonicity of the cell 
interior is equivalent to that of a 1-12 p.c. NaCl solution. This figure is 
justified both by our own determinations of the concentration of iso- 
plethechontic solutions, and, after allowance is made for the greater 


4 _—s Metric method in systems consisting largely of plasma. 
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depression of freezing point for rabbit’s plasma, by Margaria’s direct 
determinations [1930] on human blood. Let the percentage increase in 
red cell volume in any hypotonic solution, when divided by 100, be 
denoted by v. We can then find Q,, the apparent quantity of free water 
in terms of the cell volume, from the oc equation 


(4)? 


For convenience, we can further express by R that percentage of the total 
Eee active water which is apparently active, 4.¢. 


= 100Q,/Q,. (5) 
Equation (4) represents what. happens at equilibrium if the quantity of 
osmotically active water is Q,, less than Q,, but the difference between 
Q, and Q, is a fiction, and appears only because a quantity of osmotically 
active substance z is lost by the cell. The value of z can easily be shown 
to depend on Q,, v and T' in the abe way: 


x being » quantity in grams, lost from one litre of cells, and expressed 
in terms of NaCl. We can, for convenience, express z as a percentage of 
the original amount 11-2Q, (for the cell tonicity is assumed to be equiva- 
lent to a 1-12 p.c. NaCl solution), and call it X; plotting X against the 
tonicity of the suspending medium now gives a family of straight lines 
which differ in slope according to the value of R, Some of these lines are 
shown in Fig. 4, and the equation of any one of them is 


(7) 


where Y is the tonicity in grams NaCl p.c., i.e. 7/1000; b has the value of 
the number of grams of NaCl contained in 100 .c. of the water in the 
cells, The constant a has no real physical meaning, for the reasoning 
assumes equilibrium to occur and the cells to remain intact, which, of 
course, is not the case when Y becomes less than about.0-4. It, therefore, 


appears that dX/dY = éonst, =f (R), 


and a linear function, moreover, for plotting a against R gives another 
straight line (marked R, a in Fig. 4) whose intercepts are R = 1,a = 100 
in the example plotted. 


a This equation ie mathematically exact only if the volume of the corpuscles initially is 
1/101th of the whole suspension (as in these experiments). A general equation covering other 
relative volumes can be developed, but it is much eagier to set up individual equations such 
as expression (4) to apply to the particular systems under investigation. | 
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_ erythrocytes suspended in hypotonic NaCl and KCI solutions swell as if 
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To illustrate the meaning of the conclusion contained in (8), consider 
the case where R = 0-5, t.e. where the cell swells as if only half of its 
contained water were osmotically active, and where the cell tonicity is 
taken as that of 1-0 p.c. NaCl as in Fig. 4. As we pass from one tonicity 


03 OF O5 0° 
10 20 3 40 50 60 7 80 9 100 X 
Fig. 4. Ordinates: Y, the tonicity of the external medium in terms of g. NaCl per 100 g. 
water, and a, the X intercept of expression (7) in the text. Abscissae: X, the 
of the original amount of NaCl in the cell lost, and R, the apparent percentage of “free” 
water. The lines marked BR = 0-15, 0-30, etc., are plotted from expression (7). For 
convenience in calculation, the tonicity of the cell interior was taken as that of a 
1-00 p.c. NaCl solution. The inner scales a, R refer only to the curve marked (R, a). 


to another, the quantity of osmotically active substance lost by the cell 
increases in the following way: 


Tonicity g. NaCl p.c. 10 09 08 O07 06 O08 0-4 
0 56 10 Ww 0 2% 280 


Equal steps in tonicity accordingly correspond to the loss of equal amounts 
of NaCl from 1 litre of cells. If the systems were prepared with different 
relative amounts of cells and suspension medium, the same general 
relations would appear, but the numerical results would be different. 
Referring again to the results shown in the table at the beginning of 
this section, it appears to be a constant result of experiment that rabbit 
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about half their contained water is ‘‘free,” i.c. R = 0-5. A constant 
fraction of the osmotically active substances contained in these cells 
is accordingly lost as we proceed from the higher tonicities to the 
lower, as expressed in (8) or in the short table on p. 283. This fact is 
quite remarkable, particularly in that the cells appear to lose a certain 
definite quantity of their contained osmotically active substance, and no 
more. 

_ The phenomenon, however, appears to be of quite general occurrence. 
Rabbit red cells suspended in glucose solutions of various tonicities, for 
example, behave as if R had a value of about 0-25; with each step of 
tonicity a constant quantity of osmotically active substance is again lost, 
but the quantity is nearly twice as much as before. Human erythrocytes 
in NaCl and KCl behave very similarly to rabbit erythrocytes, as shown 
by measurement either with the diffractometer or by Warburg and 
Winge’s hematocrite method [Warburg and Winge, 1928]. It is also 
well known that muscle swells in hypotonic solutions as if part of its 
water were bound, and Hill's explanation of this phenomenon [1930] is 
very similar to the one which is advanced above, 1.e. that the reason for 
the swelling’s being less than expected is that the muscle loses osmotically 
active substances. Hill states, in fact, that the simplest and most 
probable explanation of “‘ bound water” in muscle is that, after prolonged 
survival without a normal blood supply, the membranes of some of the 
muscle cells have lost their semi-permeability. In the case of muscle, 
moreover, the quantity of K lost to Ringer’s solution can be determined, 
and agrees well with the expected figure’. The hypothesis advanced to 
account for the behaviour of muscle in hypotonic solutions is almost 
exactly the same as that which we believe to account for the behaviour 
of red cells under similar conditions, except that in the case of red cells 
the factors of slow diffusion and prolonged survival may be neglected, 
for the equilibrium volumes are attained within a minute and meneenined 
for hours. 

5. HMATooRITE DETERMINATIONS, 


In view of the fact that the diffractometer method for finding red cell 
volumes is indirect, it is important to compare the results with those 
given by a better known procedure. The only available direct method is 


1 The quantities of osmotically active substances (mainly K+) lost from rabbit cells in 
accordance with the table immediately preceding are too small to be estimated sufficiently 
accurately, although they might be detected. The maximum quantity of K+ expected to 
5 0.0. of a 0-5 p.c. NaCl or KCl solution, | 
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the hematocrite method of Hamburger (as used by Warburg and 
Winge [1928]) in which 2 c.c. of a system identical with that used in the 
diffraction method are placed in a tube drawn out below into a narrow 
.  eapillary; the tube is spun at a known speed for a measured time, and 
the height of the column of cells in the capillary determined. To find how 
much the cells swell in a given hypotonic solution, the height of the 
column obtained after centrifuging is compared with the height obtained 
when the same number of cells is suspended in the same amount of 
plasma; the latter figure is then denoted by 100, and the swelling ex- 
pressed as a percentage of the “normal” volume. This method presents 
the advantage that the cells can be suspended in hypotonic plasma in- — 
stead of hypotonic saline, and their swelling in the former medium 
studied. 
This method has been extensively used by Hamburger [1902], 
Hedin [1891, 1895], and K oeppe [1900] for studying the changes in the 
volume of red cells in hypotonic solutions, and more particularly by Ege 
[1921], in connection with the problem of the quantities of “free” and 
“bound” water in the cell. By means of measurements of the depression 
of freezing point of corpuscle “press-juice” to which glucose was added, 
Ege has arrived at a conclusion not unlike Hill’s, viz. that nearly all of 
_ the water in the rabbit red cell is “‘free.’’ He concludes, moreover, that 

his studies of the volumes assumed by red cells in solutions of various 
} tonicities indicate that the cells behave as perfect osmometers containing 
| about 60 p.c. by volume of water, 1.¢. in which about 90 p.c. of the con- 
tained water is free. Some of his results, obtained by the Hamburger 
hematocrite (running at 3000r.p.m. for 15 mins. or pederoant for 
2-3 mins.) are shown in the following table: 


Observed Expected 
Tonicities volume, p.c. of volume, no 
NaCl “normal” “bound” water 
1-1 100 
0-8 118 127 
0-8 122 127 
0-65 136 149 
0-65 143 149 
0-64 129 136 
0-56 144 
0-50 153 165 
0-41 162 218 


It is apparent from this table that the observed volumes are con- 
siderably smaller than the expected ones; contrary to Ege’s contention, 
indeed, the figures indicate that a greater proportion than 10 p.c. of 
water is “bound,” or that, if the fiction of “bound water” is abandoned, 
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the cell does not behave as a perfect osmometer. Sere eniiinene- 
ingly, support our own diffractometer measurements in @ qualitative 
sense, although not quantitatively, in that his observed volumes are 
larger than those reported earlier in this paper. The probable explanation 
for this fact will be considered below. 

A method identical with that of E ge has also been used by Warb urg 
and Winge [1928], the only difference being that the latter employ 
human etythrocytes whereas the former used those of the rabbit. 
Warburg and Winge’s results show clearly that the cells behave as 
perfect osmometers only if about half their water is considered “‘ bound,” 
and in this respect agree with diffractometer measurements which we 
have made on human cells. The results of Warburg and Winge accord- 
ingly support, not only qualitatively but also quantitatively, the ob- 
servations and interpretations given in section 4 above. 


When we first attempted to confirm our own diffractometer observa- 


tions by the Hamburger hematocrite the results were most inconsistent, 
for not only were we unable to confirm our own findings, but we were 
unable to confirm either those of Ege or of Warburg and Winge. The 


cell volumes obtained by the hematocrite were usually far greater than _ 


expected, but at the same time they showed great inconsistency, and it 
was only after some time that we realized that the inconsistency is due 
to that variability in hematocrite determinations upon which we have 
already commented [Ponder and Saslow, 1930 a], the results obtained 
being very largely determined by the rate and duration of the spinning. 
At relatively low speeds, results rather similar to E ge’s are obtained, but 
with considerable inconstancy; it must be remembered, however, that 
several factors combine to render the packing of cells in hypotonic saline 
less perfect than that of cells in plasma. High speed hematocrites are, 
therefore, preferable to those which run at a lower speed, and give much 
more consistent results. To illustrate these points, we can compare the 
increases in volume and the percentages of “free water” calculated 
therefrom in an experiment in which the cells of the same animal were 
suspended in plasma and in hypotonic plasma equivalent to 0-56 p.c. 
NaCl, and then spun in the hematocrite under different conditions. 


Time of |= Volume increase, “Free water,” 
Speed spinning COE p.c. of total 
(r.p.m.) 
3000 10 163 94 
3000 40 153 79 
8000 10. 61 
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the conditions of spinning; E.ge himself, indeed, finds by the hematocrite _ 
method that the percentage of “free water” varies from about 80 p.c. to 

100 p.c. of the total water present, and sometimes gives figures which, 
on his assumptions, lead to the conclusion that there is more “free water” 
in the cell than the total water it contains. These inconsistent results are 
due, we suppose, to the inadequacy of the hematocrite method, especially 
at low speeds. Provided the rate of spinning is sufficiently high, however, 
the results obtained agree in a general way with those obtained by the 
diffractometer. This is shown by the figures in the iollowing table, which 
refer to rabbit cells suspended in en plasma, and span at about | 


in Volume increase, “Free water,” 
terms of NaCl p.c. of “normal” _p.c. of total water 
0-90 109 58 
0-78 | 120 69 
0-66 145 68 


hese are similar to those obtained by diffrstion, and are like 
those reported by Warburg and Winge using the hematocrite method 
with human cells, which also, when studied by the diffraction method, 


swell as if only about 50 p.c. of their contained water is “free.” 


The agreement between the results given by the diffractometer and 
those given by the high speed hematocrite are never very good, however; 
nor, indeed, can we expect them to be, considering the nature of the 
latter method. Duplicate determinations by the hematocrite, even at 
high speeds, may show differences amounting to 10 p.c. in volume when 
the cells are suspended in hypotonic saline or plasma, and such a differ- 
ence may correspond to the difference between 90'p.c. and 75 p.c. “free 
water,” or between 70 p.c. and 56 p.c.; the method cannot be expected 
to give consistent values for “free water,” and should never have ween 
used for this purpose. 

The observation that swelling in hypotonic plasma, as determined by 
hematocrite, is substantially the same as swelling in hypotonic saline 
solutions, as determined by the diffractometer, indicates that the results 
given by the latter method are not affected in any important way by the 
fact that the cells are in the spherical form in saline, while in plasma they 
are discoidal*, If swelling had been different as measured by the two 

1 It is not necessary that the swelling in hypotonic saline shall be altogether the same 
enters or leaves the cells may depend on the quantity of plasma present. — ys 
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methods, it would have been necessary to consider the important possi- . 
bility that the change to the spherical form confers upon the cell the ae 
property of losing osmotic substances in the way above described, but as q 
the results of the two methods are similar, we may set this possibility {a 
aside, 


6, THE PHENOMENON OF OSMOTIC HAMOLYSIS, 
The accepted explanation for hypotonic hemolysis, introduced origin- Bs 
ally by Hamburger, and supported by the investigations of Koeppe, PE 
Ege, Warburg and Winge, Jacobs and others, is that the cells take 1 
up water, swell, and finally burst because their membranes are stretched 
or under tension. During this process the volume of the cell is always 
supposed to be the same as that which can be calculated from simple 
osmotic laws when the membrane is supposed to be impermeable to 
cations. Some observers have postulated the existence of “bound” 
water within the cells, while others have treated all the water as “free”’ ; 
such postulates influence the calculations somewhat, but the — 
conception remains the samé, 
This explanation is, of course, quite satisfactory in a qualitative way, 


Lam 


for water must enter cells from hypotonic solutions, and the more water « 
the more hypotonic the solution. When looked at quantitatively, how- bs 


ever, the theory is unsatisfactory in at least two respects. (i) Neither the 
amount of swelling necessary to cause the cells to h#molyse, nor the 
amount of stretching of the membrane which ensues, has yet been 
satisfactorily measured; the explanation is thus unsatisfactory for the 
reason that it is insufficiently specific. So far as our information goes 
_ (excluding that contained in this paper), either the swelling or the 
stretching might be of quite a wrong order. (ii) One of the principal 
difficulties which we encounter in using the theory in its usual form is to 
explain why solutions of different: substances, prepared so as to be 
osmotically equivalent, produce lysis in such different concentrations. 
This fact can, of course, be accounted for by introducing subsidiary 
assumptions, although Moore and Roaf [1908] abandon the entire 
osmotic theory because of it, and believe that the swelling is not osmotic, 
but rather of the nature of an imbibition. Ege, for example, considers 
the possibility that the dissociation of osmotically active substances ; 
within the cell may change, and so give rise to different equilibrium _ a 
volumes; he rightly concludes, however, that under the conditions of the Bo 
usual experiments the possible changes. are too small to account for the a 
observed phenomena, Alternatively, we might adopt the hypothesis used 
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by physical chemists in the study of the solvation of proteins, and 
postulate different percentages of “free” and “bound” water in the cells 
as a result of their immersion in solutions of different substances; this 
assumption would also explain the different swelling curves obtained in 
NaCl, KCl and glucose. The recent demonstrations that “bound” water 
does not exist in this sense in sufficient quantity make such an assump- 
tion untenable. A third hypothesis is that when cells are suspended in 
solutions of different substances the membrane offers varying degrees of 
resistance to stretching, so that in NaCl, for example, the membrane is 
more extensible for the same difference in osmotic pressure than it is in 
glucose. Not unlike this hypothesis is one which depends on Brink- 
man’s observations [1920] that the fragility of the cell depends on the 
lecithin-cholesterol ratio in the membrane; different substances, affecting - 
the ratio in different ways, might conceivably cause differences in the 
resistance of the membrane, and so bring about lysis in different equiva- 
lent concentrations. None of these subsidiary assumptions is satis- 
factory, either because it is incompatible with the known facts or 
because it. is undemonstrated or undemonstrable'; the classical theory, 
accordingly, requires to be reconsidered with respect to the two diffi- 


first mentioned. 


(i) Swelling and stretching. There seems to be clear evidence that the 
commencement of hemolysis corresponds to a fairly definite increase in 
the original cell volume, the most usual figure, for rabbit cells, being 
about 35-40 p.c. (for different rabbits). This figure appears to be about 
the same whether the cells are suspended in hypotonic saline and their 
volumes measured in the spherical form or whether they are suspended 
in hypotonic plasma and their volume measured by the hematocrite 
while they are discoidal. As has been pointed out already, this critical 
volume is much smaller than that expected on the classical theory which 
assumes the cell to be a perfect osmometer, but is of the right magnitude 
if we suppose the cell to lose osmotically active substances at the same 
time as it takes in water. 

In considering the stretching of the membrane which accompanies 
this increase in cell volume, we have to distinguish between the stretching 
which takes place when the cell is measured in the spherical form and 
that which may occur when the discoidal form is maintained. When the 
cells are in the spherical form, the average increase in area before lysis 

4 One of us will show, in a paper to be published shortly, that Brinkman’s original 


observations cannot be confirmed, and that osmotic resistance of rabbit red cells is in- 
dependent of the pH of the washing or suspending medium within the limits 5-8-7-4. 
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begins is 21 p.c., i.e. the area increases from about 73p? to about 88y. 
This extension is considerable. When we remember that the membrane is 
not more than about 0-1 in thickness, it is inconceivable that the 
stretching can occur within elastic limits. Considerations of this kind 
enable us to exclude the possibility that the smallness of the volumes 
observed in hypotonic solutions is due to elastic resistance of the cell 
membrane to further entrance of water. If we imagine an elastic resist- 
ance to exist, the osmotic pressure within the cell would be greater than 
that outside, but the difference can be computed from the observed 
volumes, and is far greater than could be maintained by any known 
substance spread out as a membrane of this thinness. 

Unfortunately, we can obtain no measurements of the extent to which 
the membrane is stretched in hypotonic plasma, in which medium the 
discoidal form is maintained. Owing to the peculiar shape of the erythro- 
cyte, its volume can increase about 20 p.c. without the area changing 
significantly (or even at all, if we imagine both the biconcavities to turn 
inside out simultaneously). The greatest observed volume increase in 
hypotonic solutions is between 30 and 40 p.c.; it therefore follows that 
the amount of stretching which the membrane must undergo before lysis 
begins cannot be very great when the cell is discoidal, and must be less 
than that which accompanies commencing osmotic lysis in the spherical 
form. We thus have the rather remarkable situation in which lysis is 
more dependent on the assumption of a critical volume than on a critical 
amount of stretching of the cell membrane, and the classical idea that the 
cells swell and that the membrane becomes so stretched that it leaks 
seems too simple to account for all the facts. 

(ul) Lysis im different equivalent concentrations. The explanation 
advanced in this paper for the fact that solutions of various substances 
produce commencing lysis and the same “critical volume” in different 
equivalent concentrations is that different amounts of leakage of osmotic- 
ally active substances take place in the various solutions!. We suppose, 
for example, that leakage is greater in glucose than in NaCl, and that this 
accounts for the “ critical volume” being reached in a solution of glucose 
which is more hypotonic than one of NaCl. | 


? This paper contains no suggestions as to why different amounts of leakage should take 
place in different solutions, but is limited to a quantitative description of the phenomena 
observed. Presumably the different amounts of leakage are related to differences of the 
permeability of the red cell membrane in the different suspending media, but the nature of 
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From the expressions already given, the following relation can easily 


be derived: 11-2(Q,). (2/100) T | 


in which all the symbols have the same meaning as above. Given an 
observed increase in volume v assumed by the cells in a solution in which 
T is known, we can calculate Q,, the apparent amount of “free water,’’ 
from expression (4). We can then find R, from expression (5), in which 
Q, and Q, are now known. Several tonicities can be used to give an 
average value of R. Every value in expression (9) is then known except 
y and 7’, and we then have a numerically soluble equation which relates 
any given volume increase to the tonicity of the solution producing it, 
under the conditions of leakage, found by experiment, which obtain for 
that substance. 

We can use this equation as a crucial test of the ideas which we have 

put forward, and can do so in the following way. 
__ We find the “normal” cell volume, by diffraction, in 1-12 p.c. NaCl. 
We then find the critical volume, i.e. the volume of the cell in a solution 
just too strong to initiate lysis. From these two figures the increase in 
volume, ¥,,,, is computed as a fraction of the original volume. We 
next measure the volumes which the cells take up in solutions of some 
other substance, e.g. LiCl, these solutions being prepared so as.to be 
osmotically equivalent to NaCl solutions of certain tonicities (e.g. 0-9, 
0-8, 0-7, 0-6 g. per 100g. water). Continuing to take the “normal” 
volume as that found in 1-12 p.c. NaCl, we compute the volume increases, 
v, observed in the LiCl solutions, and thence calculate the average value 
of R found in these solutions. Making the assumption that the same 
critical volume is attained in NaC] solutions as in LiCl solutions, we insert 
in expression (9) the value of vx,,,; all variables are now known except 
T’, which is solved for. In short, we are able to compute the tonicity of 
any substance in which the critical volume increase, vy,,,, will be 
attained, and in which, if this critical volume increase is the same for all 
substances, lysis will just begin. 

We have carried out this procedure in a number of cases, and the 
table on p. 292 will show the results obtained. All tonicities are expressed 
in NaCl equivalents. 

Remembering that the “critical volumes,” as measured for NaCl, 
KCl and glucose, are only critical to within about + 2°, the predicted 
tonicities for commencing lysis agree quite well with those observed. 
We interpret this agreement as constituting a striking confirmation of 
the suitability of the methods employed and of the validity of the several 
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NaCl 0-8, O07, 0-6 0-63 0-56 
KCl 0-78, 0-76, 0-70 0-62 0-66 
KCl 0-7, 0-64 0-58 
Glucose 0-5, 0-38 0-36 
Glucose 0-56 0-48 0-44 
LiCl 9, 

KNo, 0-8, 0-7, 0-6 0-59 0-59 
Sucrose 0-8, 0-6 0-52 0-50 


assumptions made. Such an agreement could not possibly arise by chance, — 


nor, so far as we know, could as accurate Pe be made on any 
existing theory. 

If the implications of this study are well founded, two consequences 
follow. Most of the existing difficulties in formulating an adequate theory 
for osmotic hemolysis disappear, for it becomes easily understandable 
that swelling and osmotic hemolysis are closely related, and yet that 
commencing lysis occurs in solutions of different substances of different 
equivalent concentrations. Further, existing methods of approaching the 
permeability of the red cell must be revised; indeed, if other cells show 
the same behaviour towards osmotically active substances as does the 
erythrocyte, it would appear that no adequate treatment of their osmotic 
behaviour can be made without a reconsideration of generally accepted 
assumptions. 

7. HYPERTONIO SOLUTIONS. 


We have already shown [Ponder and Saslow, 1930] that the 
results obtained by the colorimetric method for the volume of cells im- 
mersed in hypertonic solutions are somewhat variable, and dependent on 
the time which is allowed to elapse before the measurements are made. 
One or the other of two kinds of result, however, is usually obtained; 
either the cells shrink in hypertonic NaCl, KCl and glucose, or they swell 
in such solutions (presumably after a preliminary shrinkage), so that 


their final volume may be 10 p.c. greater than the “normal” volume, | 


even in 1-5 p.c. NaCl, or 2 p.c. glucose (NaCl equivalent). In those cases 
in which a steady shrinkage is observed, moreover, the cells decrease in 
volume as if they are pertect osmometers containing considerably less 
than 100 p.c. free water, or as if, on the present hypothesis, osmotically 
active substances penetrate from the external medium; in the cases-in 
which the shrinkage is not observed, even greater penetration of such 
osmotically active substances must be assumed. 

_ Measurements of the cell volume by diffraction, in systems differing 
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from the above, in that they contain large quantities of hypertonic NaCl, 
etc., and small quantities of plasma, lead to the same kind of result. The 
amount of shrinkage is very variable; this may be due to as yet uncon- 
trolled factors, such as the time allowed to elapse before measurements 
are made, which have not yet been fully investigated. The figures in the 
following table will give a general idea of the nature of the observations. 


The observed shrinkage is always less than that expected, and we can 
account for this in the same way as we have already done, viz. by assum- 
ing the penetration of osmotically active substances. Such an idea is 
supported by Kerr’s analyses [Kerr, 1929]. A similar result has also 
been obtained by Ege [1921], who accounts for it on the now abandoned 
hypothesis of “bound” water. 

If the cells were always to show shrinkage as if they contained 50 p.c. 
of their water “free,” and also were to swell as if they contained 50 p.c. 
“free” water, it would follow that the simple law oe leakage of 
osmotically active substances 


dX/d¥ = const. =f (R), 


would also be the law regulating penetration of osmotically active sub- 
stances into the cell, the sign, of course, being reversed. We have not yet 
been able to show that this is quantitatively true, for shrinkage in hyper- 
tonic solutions is rather variable, but all our evidence goes to show that 
it is true in a general sort of way. Even the variability observed, however, 
is understandable, for, as the results of investigation by the colorimetric 
method show [Ponder and Saslow, 1930 6], the shrinkage becomes less 
and less as time goes on, 1.¢. the penetration of ions becomes greater and 
greater. This is precisely what Hill finds in the case of prolonged survival 
of muscle (in ‘hypotonic solutions) [1930]. 


SuMMARY. 


1, A method is described suitable for the investigation of changes in 
tabbit red cell volume in hypotonic solutions. The method consists in 
finding the cell volume from diffractometric measurement of the radius 
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of the cell in the spherical form; the determinations are subject to an 

error of + 2 p.c. 

| 2. The increase in volume of cells in hypotonic media is considerably 
less than expected if the cells are regarded as perfect osmometers. 

Rejecting the idea that the cells contain “bound” water in appreciable 

quantities, we account for this behaviour by supposing that osmotically 


active substances leave the cell, to varying extents depending on the — 


nature of the external medium. 

3. Since the cells behave quantitatively as if a constant ieasiicn of 
their contained water were “bound,” it follows that some simple relation 
exists between the amount of substance lost and the tonicity of the 
external medium. The expression dX/dY = const. is shown to be the 

relation required, where X is the percentage of the original amount lost 
and Y the tonicity. 


- 4, Measurements by hematocrite of cell volume in hypotonic plasma 


(in which the cells are discoidal) lead to the same conclusions as those 
made by the diffractometer when the cells are in the spnneronl form i in 
saline solutions. 


The principal existing difficulty in osmotic of 


haemolysis, i.¢. that the same amount of lysis may be brought about by 
solutions of widely differing freezing-point depression, disappears if 
leakage of osmotically active substances from the cell is postulated. B; 

measuring the amounts of such leakage we have been able to predict, 
with considerable accuracy, the concentrations in which a number of 
different substances just begin to produce lysis. 

_ 6. In the case of the rabbit red cell, hemolysis commences when the 
cell volume has increased by 30-40 p.c., 1.e. a critical volume for hemo- 
lysis exists for nearly all the substances used. This critical volume in- 
crease is associated, in the spherical form, with a 20 p.c. stretching of the 
cell membrane; but in the discoidal form, the increase in area of the 
membrane is probably much less. 

7. Diffractometric measurements of cell volume in Ailes solu- 
tions confirm the results which we have already obtained by the colori- 
metric method, and lead to a similar conclusion, viz. that osmotically 
active substances enter the cells from hypertonic solutions. 
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| APPENDIX. 
Note on ‘osmotically transferable” water. 


The controversy between Gough [1924], Ege [1927] and Krevisky [1930] regarding 
the amount of osmotically extractable water in the cell has very little to do with the 
question of “free” and “bound” water as considered in this paper. “Free” water is here 
used in Hill's sense of “solvent” water; Gough, Ege and Krevisky discuss the maxi- 
mum amount of water which can be transferred by osmotic means across the cell membrane 
without the transference of hemoglobin. Ege finds this to be about 80 p.c. of the contained 
water; Gough and Krevisky find it to be about 50 p.c. and the latter has shown that 
Ege’s high figure is erroneous. 

The validity of the results of any of these observers depends on there being, under the 
conditions of their experimenta, a considerable excess of osmotically active substance in the 
fluid surrounding the cells at equilibrium. Krevisky calculates that such an excess exists, 
but it has not been demonstrated; since we know that-osmotically active substances pene- 
trate the cell from hypertonic solutions, we have to consider the possibility of such sub- 
stances entering the cell from the strong NaCl solutions used to extract water, and so raising 
the tonicity of the cell interior. If this were to occur, some water would appear untransfer- 
able by osmotic means, but the real reason for its being so would not be that it was in any 
sense bound to the hemoglobin, but that the osmotic pressure excess in the fluid outside 
the cells had been considerably reduced or even abolished. _ 

This point may be decided by means of chemical analysis. Rabbit red cells were washed — 
several times in 4 p.c. NaCl; this treatment results in a diminution in cell volume, the cells 
behaving as if about half their contained water had been osmotically extracted, as stated by 
Gough and Krevisky. Treatment with stronger NaCl solutions does not appear to result 
in the loss of more water, unless lysis occurs. Sodium and potassium analyses were then 
carried out on samples of (a) packed cells, and (6) washing fluid, and for these we have to 

Ist sample 2nd sample 

Na K Na K 

Cells from washing fluid 0-17 5-00 0-16 4-95 
Washing fluid 186 Trace 186 Trace 

A considerable difference in osmotic pressure, accordingly, exists between the cell 
interior and the washing fluid, even when as much water as is possible to extract osmotically 
has been extracted. The difference can be calculated to be almost 100 p.c. Some of the 
water contained in the cell must, therefore, be “osmotically untransferable,” at least under 
conditions which permit the retention of hemoglobin. Hill has, nevertheless, shown that 
most of the water is “solvent” water; we have therefore to distinguish between “solvent” 
water or “free” water as used in the sense of this paper, and the “osmotically transferable” 
water of Gough and Krevisky. The latter cannot be used as a measure of the former, but, 
jadged from a purely experimental standpoint, ‘“‘osmotically untransferable” water 
appears to have an actual existence nevertheless. Much of the confusion which has centred 
round Ege’s and Gough's results is due to a difference in definition of the term ‘“‘free” 
water (Gough using it as “osmotically transferable” water and Ege as “solvent” water), 
and also to the coincidence that in NaCl solutions the leakage of osmotically active sub- 
stances from the cell is such as to indicate an amount of “free” water (erroneously regarded 
as such) which is about the same as the quantity osmotically transferable under the 
conditions used by Gough. : 
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THE INFLUENCE OF THE VAGUS NERVES 
ON THE SECRETIONS OF INSULIN. 


By G. A. CLARK. 
(From the Department of Physiology, Sheffield University.) 


Tue part played by the vagus nerves in controlling the secretion of 
insulin is still somewhat obscure, despite the volume of experimental 
work on the subject. The bulk of evidence suggests that the vagus, and 
especially the right vagus, is the secretory nerve to the islets of Lan- 
gerhans [Macleod, 1930], but recent work indicates that the left vagus 
may be the secretory nerve in cats [Debois, 1930a]. Much of the 
experimental work is open to criticism, however, because of the anzsthetics 
used; the volatile anesthetics are well known to cause disturbances in 
blood-sugar control, probably because of their effect on respiration and 
the difficulty of maintaining a uniform degree of anwsthesia. Any 
substance which depresses respiration and so produces some degree of 
asphyxia will tend to bring about hyperglycemia [Macleod, 1926]. 
When amytal was discovered it was hailed as the perfect anzsthetic for 
the type of work under discussion, because its administration did not 
disturb the normal level of sugar in the blood and operative procedures 
could be carried out under its influence without undue disturbance 
[Page, 1923; Edwards and Page, 1924]. Even with amytal, however, 
it can be shown that an amount which manifestly reduces respiration 
in rabbits will cause a prolonged hyperglycemia following the intravenous 
injection of glucose in place of the relatively sharp return to normal in 
unanesthetized animals. Moreover, faith in amytal, so far as the in- 
vestigation of vagus function is concerned, has been somewhat shaken 
by the observations of Garry that this anzsthetic abolishes the normal 
action of the vagus on the heart (Garry, 1930] and even reverses the 
effect of vagus stimulation on the stomach [Brown and Garry, 1931]: 
in view of these findings it is conceivable that amytal may interfere with 
the normal function of the vagus in controlling insulin secretion. The 
evidence in favour of insulin secretory fibres being carried by the vagus 
hea been obtained im animals under amytal and other enmethetics 
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[Macleod, 1930], but other experiments which could only be interpreted 
as indicating that the right vagus had a tonic inhibitory action on the 
islets under certain conditions were done in cats anesthetized with 
amytal only [Clark, 1927]. The question therefore arose whether this 
apparent inhibitory action might not be a reversal of effect due to amytal 
and it was therefore necessary to reinvestigate the problem, using other 
anssthetics. 
‘The work of Hoet and Ernould [1930] suggested allyl-isopropyl 
barbiturate of diethylamine (“‘Numal-Roche”) as a suitable anssthetic 
because these authors have found that it does not affect blood-sugar 
level, and in rabbits under its influence they have been able to find 
evidence only of an insulin secretory function of the vagus; in fact they 
go so far as to state that the “insulin which reduces a hyperglycemia is 
produced by stimulation of the vagus centre” and that “the pancreas by 
itself does not respond by an insulin secretion to a hyperglycemia.” 
They give evidence which shows that in rabbits under “Numal” the 
intravenous injection of 1 g. of glucose per kg. of body weight causes a 
hyperglycemia lasting about 90 minutes, but if the vagi have previously 
been cut, the rise in blood sugar lasts “for hours” at a high level. In the 
published experiments of Hoet and Ernould the vagi were cut in the 
neck and thus the interference with respiration may well have accounted 
_ for the results obtained, but Prof. Hoet informs me that similar results 
‘were obtained when the vagi were cut below the diaphragm. Now rabbits 
are notoriously difficult animals to anesthetize, and in attempting to 
repeat Hoet and Ernould’s work it has not been found possible to 
obtain a sufficient degree of anmsthesia with “Numal” for surgical 
interference without appreciably prolonging the response to intravenous 
‘injection of glucose. In Table I, for example, rabbit 1 was given intra- 
venously 0-5 c.c. per kg. body weight of the 10 p.c. solution of “Numal” 
supplied by the makers; the animal lay on its side in a dazed condition, 
but responded briskly to pinching the limbs or ears and the corneal 
reflex was little if at all impaired. Rabbit 2 had 0-7 c.c. per kg. and 
rabbit 3 had 0-8 c.c. per kg., but in both cases manipulation of the ear 
necessary to obtain blood for sugar estimation produced reflex move- 
ments of the head, while pinching the limbs also resulted in reflex 
Movements; in rabbit 3 respiration assumed a periodic type about 15 
minutes after injecting the anzsthetic, but appeared to become normal 
within an hour. The dose of “Numal” recommended by the makers i 18 
0-5 c.c. per kg. 


on 


i 
aa $ 
k 
| 
3 
3 
ra 
the 
‘ere 
rt, 
4 
fi 
Ag ¢ 
ag 
- 
as 
= 
Ra 
“4 
4 
~ 
¥ 
5 x 
j 


0 
0-093 
0-074 
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0-080 
0-004 
0-074 0-070 
0-085. 
0-234 0-176 0-123 0-105 0-097 
0-206 0-130 0-092 0-070 0-080 
0-212 0-167 0-141 0-104 0-085 
“Numal” B (3 days 0-203 _ 0-142 0-106 0-085 
after A) 

0-088 
0-102 0-085 
0-095 0-081 

0-098 


” 


“Namal” B (7 days 
after A) i 


0-248 0-155 0-107 
0-239 0-161 0-122 


“Numal” A 


0-240 0-156 0-110 
“Numal” B (3 days 
after A) 


0-247 0-151 0-109 


No. 1 had 1 g. glucose per kg. in 10 p.c. solution, all others had 2 g. per kg. in 20 p.c. 
solution. 


* 7 days (No. 1) and 9 days (No. 2) after section of vagi below the diaphragm. 
under “Numal” is greater about one week after cutting the vagi below 
the diaphragm, and these results tend to confirm those previously 
obtained in unanzsthetized rabbits [Clark, 1926]; it can be shown that 
the greater tolerance is not associated with any effects merely of a second 
dose of “Numal” but depends on cutting the vagi (see Table I). These 
results appear to be in direct opposition to those of Hoet and Ernould, 
but it is possible that within a week after cutting the vagi the sugar 
controlling mechanism of the rabbit has adjusted itself to the new 
conditions. If this is the case, however, it is hardly likely that the vagi 
are of fundamental importance for insulin secretion as the work of 
Hoet and Ernould and of Debois [19305] suggests. 

In order to examine the problem further it was decided to use cats 


- instead of rabbits, because cats can be rapidly and satisfactorily anesthe- 


tized by intraperitoneal injection of “ Numal,’’ although in these animals 
also it has been found necessary to give 0-7 c.c. per kg. instead of 0-5 c.c. 


_-. a8 recommended by the makers, and if anzsthesia was to be maintained 


for more than 2 hours a further 0-15 c.c. per kg. was given at about that 
time after the first dose. With these amounts it was found possible to 
keep cats more uniformly anssthetized than rabbits. 

The method of procedure was to give ‘““Numal” by intraperitoneal 
injection and 20 or 30 minutes later to open the abdomen in the mid-line 
and carry out any operative work necessary; the abdomen was closed 
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and the cat left on a warm table for 1-1} hours. Two or three blood-sugar 
estimations were then made at intervals of 20 minutes by the Hagedorn- 
Jensen method on blood obtained from the ear, and if the sugar level 
was constant and within normal limits, 1 g. of glucose per kg. body 
weight was given intravenously in the femoral vein in 10 p.c. solution; 
the blood sugar was then determined every 20 minutes. 

Fig. 1 shows two curves, each of which represents the average of three 
experiments; the upper curve is the response of the control animals, the 
lower that of cats in which the right vagus has been cut as described. 
It is evident that section of this nerve actually seems to increase sugar 


05 


| Fig. 1. 


‘ties as has been anton described [Clark, 1926] rather than 
decrease it. Table II gives the figures depicted in Fig. 1. It is of import- 
ance to record that in cats which are obviously unhealthy as a result, for 
example, of septic sores where the initial blood sugar may be higher than 
normal, this increased tolerance is not found after cutting the right vagus ; 
it was not seen in one female cat which had a hemorrhagic vaginal 
discharge and which had very recently had kittens. Moreover some care 
is necessary in cutting the vagus below the diaphragm to avoid hemor- 
rhage from a small vessel which usually accompanies the nerve, and 
accidental penetration of the thorax is not impossible in cases where the 
nerve cannot easily be found; either of ties eneeeees may Vitiate the 
sugar tolerance result, 
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Controls 
os, Before glucose After glucose 
Minutes... 20 0 20 © © 8 100 1% 
1 0-096 O191 0147 0136 0120 O114 0-106 
Be 2 0-088 6460-094 «60-1700 0-158 121 
3 0-079 0070 0152 0144 01384 #0125 0-114 
Average «(0-087 «(0080 0152 0-140 118 
0-083 0085 0-172 0139 0-127 O114 0101 0-089 
st 5 0088 0087 0163 0146 0123 0104 0087 0-077. 
6 0077 1386 0-126 0-106 0-098 
x Average 0-082 0083 0171 0-140 [0-125] O114 0098 0-088 
Left vagus cut 
7 0-090 0093 0-182 0155 0-138 0-131 ©0122 0-117 
8 0-086 0086 0180 0154 0144 0130 0-134 0-125 
9 0074 0-077 O171 0150 0-136 0126 O116 0-108 
Average 0083 0-085 0177 0153 0139 0128 0-124 0-118 
- The results depicted in Fig. 1, while confirming a view previously 
expressed [Clark, 1926], are not necessarily at variance with those from 


Hoet’s laboratory, for Debois [1930a] found that in cats the vagus 
nerve conveying secretory fibres to the islets of Langerhans was that on 
the left side. Presumably, then, Hoet and Ernould’s results were due 
to section of the left vagus; but reference to Table II shows that in three 
cats in which the left vagus was cut the response to sugar injection differs 
scarcely at all from that seen in normal animals; in no case was the 
prolonged hyperglycemia found which these authors describe in rabbits. 
- It may be objected that the lack of difference between the normal cats 
and those in which the left vagus was cut is due to the fact that the fall 
in blood sugar merely reflects the rate of excretion of glucose by the 
kidneys, but this objection is only valid so long as the blood sugar is 
above the renal threshold and it does not explain the effect of cutting 
the right vagus. In man the renal threshold is 0-17, in rabbits and dogs 
- 0-25 [Cushny, 1926], and presumably in the cat is not less than 0-17, 
so that this factor would not operate after the first 40 minutes following 
_ the sugar injection. In a fourth experiment in which the left vagus was 
_ tut the subsequent sugar tolerance curve followed very closely that 
_ found after cutting the right vagus in other animals. 

The evidence so far then indicates that section of either right or left 
vagus does not decrease the ability of the animal to deal with an excess 
of sugar in the blood; indeed it appears that section of the right vagus 
actually increases the rate of disappearance of the excess sugar both in 
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rabbits and cats. In earlier experiments [Clark, 1927] it was shown that 
under certain conditions cutting the right vagus produced a slight and 
almost immediate fall in blood sugar, and this was interpreted as indi- 
cating the cutting off of tonic inhibitory impulses to the islets of 
Langerhans; these experiments, however, were done under amytal 
anesthesia, and because of the action of amytal already referred to — 
[Brown and Garry, 1931] it was necessary to repeat them using other 
anssthetics. Cats were anesthetized either with “Numal” or chloralose; 
the abdomen was opened in the mid-line, the right vagus carefully 


isolated on the cesophagus below the diaphragm and looped with thread, _ 


and in all but one case the suprarenals were tied off and the liver de- 
nervated. The wound was closed with clips and the animal left on a warm 
table for about 2 hours. Blood-sugar estimations were then made over 
a period sufficiently long to ensure that the level was constant or falling 
at a steady rate and, when this was assured, the right vagus was cut 
below the diaphragm. Table III gives the results of these experiments, 


Taste III, 
Before vagus section After vagus section 
Minutes... 60 40 20 0 20 40 60 80 100 
10 0-087 0-091 0-089 0-078 0078 0-086 0-082 


16 0-090 0-086 0-083 0080 0078 0076 0074 — _ 


18 0-087 0083 0079 0074 0071 0-070 0-069 0-070 _ 


Nos. 10 and 11 were anzsthetized with “Numal,” the rest with chloralose. All but 
No. 10 had the liver denervated and the suprarenals tied off. . 


and it is evident that they confirm those earlier results already referred 
to (Clark, 1927], so that the latter cannot have been due to any reversal 
of function by amytal of vagus fibres supplying the pancreas. This is 
especially evident by the fact that the effects produced by cutting the 
vagus under amytal or “Numal” can be reproduced by the same pro- 
cedure under chloralose, for Brown and Garry’s work has shown that 
chloralose has less effect on the autonomic system than any other 
anssthetic they have used!. Because of the briskness of visceral reflexes 
under this anesthetic, however, it seems necessary in the above experi- 
ments to denervate the liver and tie off the suprarenals in order to 6 


1 Personal communication. 


4 
4 
a 
3 
4 il 0-105 0100 0-108 0-100 0091 0083 0079 0-090 0-078 
4 12 0-082 0-080 0-080 0078 0075 0065 0081 0077 0-070 
G 13 0070 0-070 0071 0072 0073 0-067 0-067 0-057 0-051 
14 0-100 00987 0093 00081 0-078 0068 0-064 0-056 
a 15 0-093 0092 0-092 0000 0079 0084 0071 0-070 0-063 , 
q Controls—v. not cut 
a 17 0-100 0-092 0085 0080 0076 0-074 0074 0-074 0-073 
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the results described. It is to be observed in Table III that the control 
experiments show generally a steady fall in blood sugar, more especially 
at the beginning of the series of estimations (which were begun about 
2 hours after tying off the suprarenals and denervating the liver); the 
later values show that the rate of fall tends to decrease. In the experi- 


ai ments where the right vagus was cut there is a similar but less marked 


fall before the nerve section in Nos. 12, 14 and 15, but in each of these 
cases within 40 minutes or less of cutting the vagus there is a definite and 
abrupt fall. It is well at this point to stress the importance of ensuring that 
~ the initial blood-sugar level is within normal limits before beginning any 
investigation ofthe physiological control of blood sugar. It is obvious 
that if the sugar level is abnormal the various factors involved in the 
maintenance of a constant level will bear a different “tonic” relation to 
each other from what they do under normal conditions, and any experi- 
mental interference may well produce results which would not be seen, 
or which would be modified, if the equilibrium of controlling factors was 
that found when the blood-sugar level was within normal limits. For 
instance, it would be unreasonable to expect a fall in blood sugar to 
follow cutting the right vagus if the sugar level were initially high above 
the normal value, for, under these conditions, the whole controlling 
mechanism would be “‘set”’ in the direction of lowering the level, and 
therefore any factor tending to prevent or lessen insulin secretion would 
be inhibited; in such a case too, if the islets were secreting insulin at a 
maximum rate the addition of more sugar to the blood, as in the sugar 
tolerance test, would produce a prolonged hyperglycemia. 

The presence of inhibitory fibres to the islets of Langerhans indicated 
by this and earlier work is in no way opposed to the view that the vagus 
carries secretory fibres, for, as Macleod [1930] has already stated, there 
is no reason why the same nerve trunk should not carry fibres whose 
functions are antagonistic. It is probable, however, that the inhibitory 
fibres are the more important, for if the accidents to, and the acute 
physiological disturbances in the animal body are considered, practically 
all cause hyperglycemia if they affect blood sugar at all. It seems then 
that hypoglycemia is more adequately guarded against than hyper- 
glycemia, and inhibition of insulin secretion is one means of preventing 
undue lowering of blood sugar; it is recognized, of course, that it is by 
no means the only one and probably not the most important under 
normal conditions where the glycogenic function of the liver is adequate. 
Another indication of the importance of these inhibitory impulses is the 
evidence that insulin hypoglycemia induces stimulation of the vagus 
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hervous outflow to the gastro-intestinal tract [Bulatao and Carlson: 
1924; Quigley and Templeton, 1930] and to the heart [Cannon, 
MelIver and Bliss, 1924; Dworkin, 1931); if this hypoglycemic vagus 
stimulation is general the fibres to the islets of Langerhans will participate, 
and if these fibres are secretory in function the result will be increased 
insulin .secretiqn, thus tending to establish a vicious circle. A more 
intelligible picture is produced by an en of vagus inhibition of 
insulin secretion. 
SuMMARY AND CONCLUSIONS. 


The function of the vagus nerve supply to the islets of Langerhans 
has been reinvestigated in rabbits anesthetized with “‘ Numal” and unan- 


sesthetized, and in cats under ‘‘Numal” and under chloralose anesthesia. 


_ “Numal” anesthesia of sufficient depth for surgical interference in 
rabbits and probably in cats prolongs the hyperglycemia following 
intravenous injection of glucose. 

In two rabbits, glucose tolerance under “Numal” was increased 7 to 
10 days after cutting both vagi below the diaphragm. In cats the 
tolerance was increased 2 to 3 hours after cutting the right vagus, and — 
unaltered after cutting the left vagus below the diaphragm. 
Cutting the right vagus below the diaphragm in cats under “Numal”’ 
or chloralose caused an immediate slight fall in blood sugar, which 
confirms earlier experiments and suggests the presence in this nerve of 
fibres carrying tonic inhibitory impulses to the islets of Langerhans. 


I wish to express my thanks to Prof, Leathes for his criticisms of 
this work and to the Medical Research Council for a grant covering 
expenses, I am indebted to the Hoffman-la-Roche Chemical Co. for an 
ample supply of “Numal-Roche,” 
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THE PROTEIN CONTENT AND OSMOTIC PRESSURE 
IN SERUM OF YOUNG ANIMALS. 


By G, A. CLARK anv H. E. HOLLING. 
(From the Physiological Laboratory, Sheffield University.) 


THE present work was begun as the result of the observation that foetal 
cats secrete urine despite the fact that the blood-pressure is only about 
30 mm. Hg (unpublished work). If the filtration-reabsorption theory of 
urine formation is valid in this case, it follows that the protein osmotic 
pressure of the plasma must be correspondingly low. It is known, of 
course, that the protein content of plasma in young animals is less than 
that in adults [Howe, 1925], but no attempt seems to have been made 
to correlate the increase of protein content, as the animal grows, with 
colloid osmotic pressure or with blood-pressure. Previous investigations 
of the relation between protein osmotic pressure and total protein content 
have been made on plasma in which the protein content has been varied 
by diluting the plasma with Ringer’s solution [Mayrs, 1926; Krogh, 
1929; Verney, 1926], and it was therefore of interest to determine 
this relation in a fluid in which the protein content varied physio- 
logically with age. Krogh has shown that the colloid osmotic pressure 
of serum is, within the limits of practical experiment, the same as that 
of plasma; osmotic pressure due to the fibrinogen fraction appears to 
be negligible [Krogh, 1929]. The observations described below have 
therefore been made on serum from puppies of different ages, the use of 
serum having the further advantage that possible disturbance due to the 
interference of anti-coagulants is avoided. Five litters of puppies were 
used in the experiments. 

The procedure was to take blood by means of a sterile syringe from 
the carotid artery or abdominal aorta of the animals anesthetized with 
ether, and allow the blood to clot in sterile centrifuge tubes. In a few 
experiments the animal was anesthetized with chloralose and the blood- 
pressure determined half an hour later by means of a mercury mano- 
meter; when the record was steady the carotid was clipped and blood 
withdrawn from the opposite carotid. Total nitrogen and non-protein 
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nitrogen of the serum were determined by duplicate observations. The 
colloid osmotic pressure was measured by the method described by 
Verney [1926]; it was found necessary, however, to modify the apparatus 
slightly in order to get reliable readings. The modification consisted in 
substituting a screw connection between the capillary tube and the 
bottom of the brass chamber containing the serum, in place of the rubber 
tube washer used by Verney, for it was found that the rubber connection 
tended to “creep” for a considerable time after the requisite adjustment 


Protein nitrogen (mg,/100 ¢.0.) 


Age (days) | 
‘Fig. 1. 


of levels. The screw connection consisted of a brass threaded collar 


cemented to the end of the capillary tube, the neck of the brass chamber 
containing the serum being threaded to fit; prior to assembling the 
apparatus the brass collar was covered with a layer of sterile paraffin 
wax which ensured a water-tight joint. The osmometers were always set 
up in duplicate and Ringer’s fluid of the composition given by Verney 
was used as dialysate. 
Fig. 1 shows the relation we have found between age and protein 
nitrogen content a serum; this is somewhat similar to that found by 
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Howe [1925] in some calves, but the adult level appears to be reached 
later in dogs than in calves, where differences were found depending on 
whether or not the calf had colostrum. The rate of increase is very rapid 
up to about the 40th day and then becomes less rapid and reaches adult 
level about the 60th or 70th day. The puppies used in this investigation 
were all weaned at the end of the 4th week, and although the observations 
are few, it is interesting to note that all the points before weaning lie 
closely on the curve while the subsequent determinations are more 
scattered. To what extent this was due to diet is unknown, but the two 
points depicted by crosses suggest that diet plays a very important part: 
owing to an accident the two animals investigated at the 35th and 41st 
days had been without food on the 32nd and 33rd days, but had an ample 
supply of water. The animal killed on the 35th day showed no gain in 
weight since the previous week, and its fellow showed a slight loss which 
was only made up by the 4lst day. The osmotic pressures of the sera 
in these cases were correspondingly low. These accidental observations 
support the suggestion made by Howe [1925] that the increased protein 
content of serum seen after deprivation of food and water is the result 
of the loss of water. Confirmation and extension of the observations may 
also indicate the dangers of starvation as a therapeutic measure in 
children. 

The apparent change in the rate of protein increase at about the 40th 
day is of interest in connection with observations on blood-pressure from 
which it seems that the adult level is reached at about the same time 
(Fig. 2). The blood-pressure determinations are few in number and are 
taken under artificial conditions, so that it is difficult to assess their 
absolute value, but they serve to indicate the approximate rate of change 
in relation to age, and the increase observed resembles that of the serum 
protein nitrogen. The point marked by a cross is probably too low, as 
artificial respiration was necessary to keep the animal alive. 

If, as our results seem to show, the adult blood-pressure level is 
reached at an earlier stage than the adult serum protein level, it would 
suggest that for a time before the latter is achieved puppies would have 
a greater lymph flow and might be more susceptible to conditions of 
cedema. We know of no evidence of this, but we have observed that on 
opening the abdomen in these young animals there is usually an appre- 
ciable quantity of free fluid which is probably produced by the increased 
blood-pressure consequent on the excitement in the early stages of 
ansesthesia. 

The low protein osmotic pressure of foetal serum, besides being 
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necessary to ensure adequate urine formation, must be of significance in 
the maintenance of trans-placental equilibrium of fluid and must 
necessitate local adjustments of blood-pressure in the placenta, of which 
nothing is known. The higher protein osmotic pressure of maternal blood 
would tend to cause a flow of fluid from fostus to mother, but presumably 
this is counteracted by the higher blood-pressure in the maternal blood 

vessels relative to the protein osmotic pressure. 
It will be seen from Table I that, with increasing concentration of 


Age (days) 

Fig. 2. 
serum protein, the osmotic pressure exerted per gramme of protein 
nitrogen increases; this has also been observed by previous workers who 
used Ringer’s solution as a diluent for varying the protein concentration 
of plasma. The absolute values found by us, however, are appreciably 
higher than those given by Mayrs [1926] or by Verney [1926] for 
human plasma, They are also higher than values found by us for the 
sera of three women at parturition and one man as shown in Table I, 
and this latter finding eliminates the possibility that the difference 
between dog and human observations is due to the use of serum in one 
case and of plasma in the other or to any difference in technique; it 
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suggests rather that the dog serum has a higher content of those proteins 
which exert a , greater osmotic pressure per gramme of protein than has 
human serum, or, in other words, that there is a greater proportion of 
proteins of relatively low molecular weight in dog serum than in human 
serum. 

If the reciprocal of the osmotic pressure is plotted against the re- 
ciprocal of the protein nitrogen, taking the adult serum values of each 
as 100 and calculating the other values relative to these, it is found that 
the points lie fairly well on a straight line, which, if produced, cuts the 
axis at a point which gives a value for 6 in the van der Waal equation 
p (v — 6) = RT almost identical with that found by Te for human 


plasma. This is shown in Fig. 3. 


SUMMARY. 
‘The total protein, protein osmotic pressure of serum, and blood- 
pressure have been determined in puppies of different ages. 

The protein content increases rapidly from birth till about the 40th 
day and then more slowly till the adult level is reached at about the 60th 
or 70th day. As the protein content increases the osmotic equivalent 
of each gramme 
that found in human beings. 

Withdrawal of food in puppies appears to cause a fall in serum 
protein. 

The blood-pressure also rises from birth to about the 40th Gay, when 
_ the adult level appears to be reached. 


The expenses of this work were defrayed by a grant from the Medical Research Council. 


REFERENCES. 
Howe, P. E. (1925). Physiol. Rev. 5, 439. 
Krogh, A. (1929), Anatomy and Physiology of Capillaries. New Haven. 
Mayrs, E. B. (1926). Quart. J. Med. 19, 273. 
Verney, E. B. (1926). J. Physiol. 61, 319. 


he 
sang 
tA 
~ 
és 
: 
AS 
‘ 
Bg 
Wig 
Pe. 
‘ 
fe 
if 
d 


612, 127.3 


ON THE STATE OF CO, IN BLOOD AND HASMOGLOBIN 
SOLUTIONS, WITH AN APPENDIX ON SOME OSMOTIC 
PROPERTIES OF GLYCINE IN SOLUTION. 


By R. MARGARIA (Turin)?. 


(From the Department of Physiology and Biochemistry, University 
College, London, and from the Physiological Laboratory, Cambridge.) — 


INTRODUCTION. 


Previous determinations by A. V. Hill’s thermoelectrical method of 
the osmotic pressure of blood equilibrated with air and with a 5 p.c. 
CO, mixture showed that the difference was large enough to enable 
such a method to be used for a study of the state of the CO, in the blood 
[Margaria, 1930]. 

The view that the combined CO, in the blood is all in the form of 
bicarbonate has been held in the last years particularly by van Slyke 
and his co-workers [van Slyke, Hastings, Heidelberger, and Neill, 
1922; Hastings, van Slyke, Neill, Heidelberger and Harington, 
1924; Hastings, Sendroy, Murray and Heidelberger, 1924; van 
Slyke and Hawkins, 1930]: on the other hand, experiments performed 
by Henriques[1928, 1929] suggested that a considerable fraction of 
the CO, in the blood is bound with the hemoglobin in a HbCO, complex, 
called by Henriques “carbhemoglobin.”’ 

The main arguments put forward by van Slyke and his colleagues 
in favour of their thesis are (1) that the titration of alkali hemoglobinate 
with HCl and with CO, both indicate the same alkali-combining power — 
of hemoglobin, and (2) that the quantity of combined CO, in a sodium 
hemoglobinate solution equilibrated with a certain CO, mixture corre- 
sponds to the amount calculated on the assumption that all the combined 
CO, is in form of bicarbonate. Quite recently Stadie and O’Brien [1931] 
arrived at the same conclusion: they calculated, in solutions of Hb of 
known alkali content in equilibrium with known CO, mixtures, the 
quantity of the hypothetical HbCO, from the formula 7 

COs tot, = COs aies, + + NaHCO, + HbCO,, 
1 Travelling Fellow of the Rockefeller Foundation. — 
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where NaHCO, = b — NaHb, 6 being the total bases; they did not get 
appreciable values for the HbCO,. They also determined the concen- 
tration of the HCO, ions of solutions of the same type, by the freezing- 

point method, and they found that the concentration of the HCO, ions 
so determined, plus the CO, dissolved, accounted within 4 p.c. for 
the total CO, content of the solutions. 

The formation of the HbCO, complex has been claimed by Henriques 
to explain the increase of speed of giving off the CO, from a bicarbonate 
solution, when hemoglobin is added; for the speed of the reaction 
Hb + CO, == HbOO, would be much greater than the speed of the 
reaction OO, + H,O == H,CO,; it is well known that the giving off of 
CO, from the body is much greater than what can be accounted for from 
the speed of this last reaction. 

Such an increase of speed when hemoglobin is added to a bicarbonate 
system has been shown lately by Brinkman and Margaria[1931] to be 
_ due probably to a catalytic action of the hemoglobin on the reactions 
of hydration and dehydration of the CO,, viz. CO, + H,O <= H,CO,, so 
that the hypothesis of the formation of appreciable amounts of a CO,Hb 
compound, of a non-enzymatic nature, is no longer indispensable for 
explaining the speed of that reaction. 

Nevertheless, the existence of a certain amount of CO, bound with 
the hemoglobin, under equilibrium conditions, is supported by other 
facts and experiments: 

(1) In dialysis experiments of hemoglobin solutions, the distribution 
of HCO,’, Cl’ and H’ ions, between the inside and the outside fluid, was 
found to be such that it could not be explained except by a decrease of 
the activity of such ions in hemoglobin solutions, or by a binding of the 
Cl’ and HCO,’ ions, or of the CO,, with the hemoglobin [Adair, 1925, 
1928; Henriques, 1928]. 

(2) Measurements of the apparent dissociation constant of carbonic 
acid, from determinations of pH, total CO,, and dissolved CO, in hemo- 
globin solutions gave quite different values from those obtained in 
bicarbonate solutions of the same ionic strengths, being considerably 
greater in hemoglobin solutions [Stadie and Hawes, 1928); the 
phenomenon, which is evident only in hemoglobin, and not in other 
protein solutions, might, however, ‘be explained either by a decrease in 
the activity of the HCO, ions, or by a binding of such ions or of the CO, 
with the hemoglobin. 

Whether the CO, in the blood is all in form of bicarbonate, or partially 
in form of HbCO,, can be tested in a simple way by measurements of 
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- eombined CO, and of osmotic pressure in the same sample of blood, 

when this is equilibrated with two mixtures one at a low and one at a 
high CO, tension. If all the OO, is in the form of bicarbonate, assuming 
for this the same degree of dissociation as for sodium hemoglobinate, 
there should be a difference of osmotic pressure between the two samples 
of blood correspondent to the difference of combined CO,, as shown by 
the relation 


Na’ + Hb’ (+ H,CO,) —> Na’ + HCO,’ + HHb. 


If, on the contrary, the compound HbOO, is formed, the combined i 
will not appear osmotically : 


Na’ + Hb’ (+ CO,) —> Na’ + HbCO,’. 


Since in measurements of osmotic pressure one does not measure 
the concentration but the activity of the substances in solution, this 
reasoning only holds good if the activity of the HCO, ions is not changed 
by the presence of the hemoglobin. The problem, however, can be solved 
with the aid of measurements of the osmotic activity coefficient of 
sodium bicarbonate in hemoglobin solutions; if hemoglobin really 
_ decreases the activity of the HCO, and Cl ions the osmotic coefficients 

of salts containing such ions must be correspondingly different from their 
values in water. 


MetTHop. 


The measurements of osmotic pressure were made with A. v. Hill's 
thermoelectrical method [1930]. The procedure was the same as described 
for human blood [Margaria, 1930]: the determinations of each sample 
were made with four or five thermopiles, twice for each thermopile, 
reversing the solutions on the two faces. In the results recorded below 
the mean valueis given, and its probable error. In the later determinations, 
indicated by d.m., the readings at the different CO, tensions were taken 
without removing the solutions on the thermopiles, just by washing out 
the thermopile chambers with the CO, mixture required; greater ac- 
curacy was attained in this way. 

_ The total CO, content of the solutions was determined at first with 

the van Slyke and Stadie constant pressure apparatus [1921], in the 
later experiments with van Slyke and Neill’s constant volume ap- 
paratus [1924]. The blood, or the solution, used was previously equili- 
brated for at least one hour in a tonometer, with the same CO, mixture 
as used for equilibrating the solutions on the thermopiles, at the same 
temperature as the vapour-pressure determinations (18°C.); in a few 
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experiments, in which there was a difference of temperature between 
the two determinations, 1 or 2° C., the values of the CO, content have 
been corrected to the temperature of the vapour-pressure determinations. 

The hsemoglobin solutions were kindly given to me by Mr G.S. Adair 
freshly prepared by his method, and kept at 0° C. till the moment of use. 

All the solutions were accurately prepared by weight, and controlled 
by drying. Their strength is given through this paper in g. per 100 g. of 
water, or in molality, g. mol. in 1000 g. of water. The water content was 
determined by drying also, on all the samples of blood, Hb solutions, etc., 


The osmotic pressure is expressed in this paper in osmolality, meaning 
by this term the osmotic pressure of a solution, expressed in molality, 
of an ideal non-electrolyte. 

The determinations were made against a NaCl solution of known 
strength, of about the same osmotic pressure as that of the liquid to be 
examined, with the same NaCl solution on the wall of the chamber; 
the osmolality of such a solution was calculated by the data given in 
A. V. Hill’s paper [1930]. 

RESULTS. 


I 


The osmolality of defibrinated human blood, equilibrated with a 
5 p.c. CO, mixture, was found to be 0-295 + 0-0003; that of the 
serum of human blood kept in equilibrium with air was 0-279 + 0-0003 
[Margaria, 1930]. The difference, which should express the osmotic 
pressure due to the total CO, of the blood, is 0-016 + 0-:0004. The value 
of total CO, of normal human blood at the same CO, tension, and cor- 
rected for the same temperature (20° C.), is given as 60.¢.c. CO, per 
100 ¢.c. of blood, or 70-5 c.c. per 100 g. of water, or 0-0315 molal. 

The effect on the osmotic pressure is only about one-half of that 
corresponding to the difference in the CO, concentration, so that, ad- 
mitting a slight error due to traces of CO, which may have remained in 
the blood equilibrated with air, there is certainly a considerable amount 
of CO, in the blood, which does not appear osmotically. 


II. 
To obtain greater accuracy, some experiments have been made on 
the difference of vapour pressure of defibrinated blood, serum and 
centrifuged blood corpuscles, equilibrated with two CO, mixtures at 
different CO, contents; the result was compared with the difference in 
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cebiead C0). An example of a determination will illustrate better the 
method used: 


K.H.’s defibrinated blood equilibrated with 5 p.c. Cy. 


Side A of the thermopile: Nalce sol. Side A of the thermopile: B 
Nach 
Mean 0.P. readings 0-2971 0.2925 0-2875 0.2973 0.2799 0-2848 0-29165 0.2895 
Equilibrated with 0-5 p.c. CO,: 
Mean O.P. readings 0-2860 0-2821 0-2771 0-2841  0-2665 0-2744 0-2825 
Differences O-0111 0-0104 0-0104 0-0132 0-0127 0-0104 0-0090 


Mean of the differences 0-0113 +.0-0003 (a) 


Total OO, content of the same blood: 

c.c. of CO, Combined co, 

O* dissolved c.c. per 1g. H,0 mol. 
with with 5 0-551 0-656 0-039 0-617 0-0275 
Equilibrated with 0-5 p.c. 0-243 0-289 0-004 0-245 0-0109 


Difference in combined CO,, mol. 0-0166 +.0-0003+ (b) 
Difference b-a =0-0053 +.0-0004=31-9 +.3-4 p.c. of b 
| * Determined water content; 84 g. in 100 c.. blood. 


"In Table I below are given the percentages of CO, with which the 
| _ blood was equilibrated, the difference of osmotic pressure in osmolality, 
the difference in mol. of combined CO,, and the percentage of combined 
CO, which does not appear osmotically, as calculated above; a common 
letter indicates that the blood was of the same sample. 
a In the blood it is evident that about 35-45 p.c. of the combined 
. OO, does not give the corresponding increase in osmotic pressure; for 
_ the blood serum the changes in combined CO, and osmolality are practi- 
cally equal. For the blood corpuscles, in which this difference was 
expected to be greater, the data are not so consistent as with blood, but 
on the whole suggest that the apparent disappearance of the combined 
CO,, though occurring always, does not occur in such a great extent 
as with blood. Though there is a greater technical difficulty in measuring 
the vapour pressure of blood corpuscles, which appear as a paste of a 
high viscosity, such variations do not seem to be due to experimental 
errors: in fact, experiments performed on the same sample of blood 
corpuscles on different days gave quite consistent results. It seems, 
therefore, that the differences observed are real and probably due to 
differences in the chemical composition of the various specimens used. 
These experiments thus confirm the existence of a partial disappear- 
ance of the combined CO, from a hemoglobin solution, as observed 
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\3 + Assuming 0-0003 mol. the pro error of the van Slyke method of determining the CO, content. 
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Percentages" 
Source of of CO,inthe Difference: bined appear os- 
blood gas mixtures osmolality CO, motically 
Defibrinated blood. 
Human (K.H.) 5O0and0-5 0-011340-0003 0-0166 31:9434 dm. 
Human (mix.) 50and0-5 0-010040-0004 0-0153 347440 dm. 
50 and 0-5 0-0050+0-0002 0-0106 443435 dm. 
6-0 and 0-5 0-0079+0-0001 0-0127. 37-3425 dm. 
10-0 and 0-4 0-0106+0-0005 00196 465445 dm. 
10-0 and 0-4 0-0122+40-0004 0-0200 390144 dm. 


— eet DOD 


er 


3 Blood serum. 
10-0 and 1:0 0-0050+0-0004 0-0042 -19+13 
56Oand 0-5 0-0061+00005 000509 -4+11 


- 29 
#8 


& 
sesesess 


20 
2 
= 


. d.m. 
5-0 and 0-6 0-0000+0-0004 00103 42444 dm. 
* Before centrifuging lactic acid was added to the blood in concentration 0-2 p.c. 
Before centrifuging NaHCO, was added to the blood in concentration 0-2 = 
p.c. 


Se 


Before centrifuging lactic was added to the blood in concentration 0- 

Before centrifuging NaHCO, was added to the blood in concentration 0-1 p.c. 
before, in the Donnan experiments of Adair[1925, 1928] and of 
Henriques [1928], and in the measurements of the dissociation con- 
stant of the CO, in hemoglobin solutions, by Stadie and Hawes [1928]. 


III. Osmotic pressure of sodium chloride in haemoglobin solutions. 
Whether the hemoglobin decreases the activity of ions in solution 
can be tested by osmotic determinations. 

_ [have determined the vapour pressure of mixtures of a hemoglobin 
solution with various NaCl solutions. Knowing the molality of the NaCl 
in such a mixture, and the grams of hemoglobin per 100 g. of water, 
and knowing the vapour pressure of the original hemoglobin solution, 

it is easy to calculate the total osmotic pressure of the mixture, on the 

assumption that the two substances do not influence each other, and 
compare this value with the determined one. 

The experiment with mixtures of Hb and NaCl are summarized in 

Table II; the determinations were made each with two thermopiles, 
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in duplicate, reversing the solutions on the thermopiles. For the cal- 
culation of the osmolality of the hemoglobin, it was assumed that this 
was proportional to the concentration. 


Il. 
Calou 
Calcu Calcu- lated os- 
lated os- lated os- molality 
molality molality of the Observed 
Composition of dueto dueto solution osmolality between 
the solution NaCl Hb (a) (6) (a) and (6) 
Hb 28-9 p.c. 0181 
NaCl 0-511 p.c. 0-161 00083 060-1693 0-1671, 0-1668 0-0023 
Hb 13-27 p.c. 2 0-1670 ; 
NaCl 0-252 p.c. 00805 00084 0.0889 0-0856, 0-0858 0-0032 
Hb 13-46 p.c. 0-0857 
NaCl 0-128 p.c. 0-0426 «8660-0083 0-0473, 00456 0-0044 
Hb 13-25 p.c. 0-0465 
NaCl 0-0636 00084 0-0297 0-0278, 00272 0-0022 


It appears from Table Tl that the observed value of osmotic pressure 
is always less than the calculated one; the difference, however, is very 
small, and for a concentration of NaCl equal to about one-half of the 
concentration of that salt in the biological fluids, such a difference is 
only 1-6 p.c. of the total osmolality. Such a difference is also, within 
the limits of experimental error, fairly constant over the whole range 
of concentration of the NaCl: it seems, therefore, that this pheno- 
menon is not due to a decrease in the activity of the NaCl caused by the 
hemoglobin, in which case the difference observed should be proportional 
to the concentration of the NaCl in the solution: it may be due to a 
combination of the NaCl, or of one of its ions, with the hemoblogin in 
& non-ionizable complex. 

From the values given in Table II it is possible to calculate that if 
such combination really occurs, and if the values are to be trusted, the 
proportion is of one molecule of NaCl per one molecule of Hb, assuming 
for the Hb a molecular weight of 68,000. 

Even if the difference observed is due to a decrease of the activity 


a coeflicient of the NaCl causéd by the hemoglobin, such a decrease being 


only about 1 p.c. for a concentration of NaCl of 1 p.c. is too small 
to explain the abnormal behaviour of the Cl ions in the Donnan 


 @xperiments of Henriques. 


After these experiments had been already carried out a paper of 


a Stadie and Sunderman [1931] appeared on the osmotic pressure of 
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NaCl in hemoglobin solutions, as measured by the freezing-point method: 
their results agree with mine in demonstrating only a very slight influence 
of hemoglobin upon the osmotic pressure of NaCl solutions. — 


IV. Osmotic pressure of sodium bicarbonate in hemoglobin 
solutions. 

The experiments on the osmotic pressure of mixtures of NaHCO, 
_and hemoglobin are a little less accurate owing partly (a) to the changes 
of the osmotic pressure of the bicarbonate for small changes of the per- 
centage of CO, in the air with which the bicarbonate solution is in 
equilibrium, and partly (6) to the slowness with which the equilibrium 
is reached. | 

A preliminary determination was made of the osmotic pressure of 
solutions of sodium carbonate of various strengths equilibrated with 
various CO, mixtures, without removing the solutions from the thermo- 
piles; the percentage of the CO, in the mixtures was determined with a 
‘Haldane gas analysis apparatus. The order of the administration of 
the CO, is that given in the table below; by oy is meant the g. 
equivalents in 1000 g. of water. 


Tasix III. Osmotic pressure of Na,CO, solutions at various CO, pressures. 


Strength of the solution . CO,p.c. Osmolality N ty 
0-0819 mol. =0-1638 normal 0-04 0-2160 1-32 


0-2627 
0-13 0-2587 1-58 
0-2564 1-57 
0-0409 mol. =0-0818 normal 0-04 0-1110 1-36 
9-42 0-1 1-62 


0-1298 1-59 
0-0205 mol. =0-0409 normal 0-04 0-0639 1-56 
| 9-65 0-0702 1-72 


0-0102 mol. =0-0204 normal 0-04 0-0827 1-60 


The first value, obtained with the solution in equilibrium with air 
(0-04 p.c. CO,), is not very reliable, for this value was very small, and 
also because during the manipulations of the solutions (putting the 
moistened papers on the thermopiles, etc.), the latter might have come 
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in contact with air having a higher content of CO,. The osmotic pressure 
due to the dissolved CO, is not computed in the values given in the table, 
the CO, being dissolved in the same amount in the water against which 
the vapour pressures of the bicarbonate were determined. 

The values here given are exactly the same as others similarly 
obtained by starting with a bicarbonate instead of a carbonate solution, 
except for the first determination in air. 

From the data of Table III the osmolality of all the NaHCO, 
solutions used in this work, at the various percentages of CO,, can be 
calculated by interpolation. 

The osmolality of the 28-9 p.c. Hb solution in equilibrium with 
10 p.c. of CO, against water gave the following values: 0-0236, 0-0234, 
0-242, mean 0-0237. For the calculation of the osmotic. pressure of 
more dilute hemoglobin solutions equilibrated with the same 10 p.c. 
CO, mixture, the osmotic pressure of the hemoglobin solution is assumed 
to be proportional to the concentration. 

The results of the experiments on mixtures of solutions of NaHCO, 

and of hemoglobin are summarized in Table IV. The value of the observed 
osmolality is the mean of two double observations. 


Tastz IV. Osmolality of sodium bicart globin solutions. 


Composition of : In 10 In 2 p.c. 
In air co, CO, 
Hb 13-0 Calculated osmolality due 0-091 0-091 — 


NaH 0-471 | to NaH 
00,9 osmolality due 00081 0-0107 


to 
Total calculated osmolality  0-0991  0-1017 00-0946 


Observed osmolality 0-0938 
ce 00053 0-0037 
culated and observed 
osmolality 
Hb 00, Calculated osmolality due 0-047 0-047 
osmolality due  0-0082  0-0107 
to Hb 
Total calculated osmolality 00552  0-0577 


Hb 13-03 Calcula 
NaHCO, 0-119 p.c. to NaHCO, 


to Hb 

Total calculated osmolality 0-0322  0-0347 
Observed osmolality 0-0299 0-0344 
Difference between cal- 00023 0-0003 
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These results show the same phenomenon as observed with mixtures 
of NaCl and Hb solutions; but although the osmotic pressure is always 
leas than the value expected, the difference represents only a very small 
percentage of the calculated osmotic pressure due to the bicarbonate. 
It would seem certain that the hemoglobin does not decrease the activity 
of the NaHCO,, at least to such an extent as to account for the partial 
osmotic disappearance of the combined CO,, in the experiments on blood 
referred to above. To explain these experiments on such lines, the 
difference between the calculated and the observed osmotic pressure 
ought to have had the same relative value, as in Table I, 1.e. 35-45 p.c. 
of the osmotic pressure due to the bicarbonate. 


V. 

different CO, tensions 

combined CO, difference and the osmotic pressure difference, observed 
in blood when equilibrated with two CO, mixtures, occurred also in 
- hemoglobin solutions at various alkali contents, in order to make sure 
that such a disagreement was really to be related to the hemoglobin 
content of the blood. —_— 

The experiments were carried out with mixtures, in various pro- 
portions, of the 28-9 p.c. Hb solution and a 0-102 molal. solution of 
NaHCO,; four double determinations were made on each sample, which 
was equilibrated with a 10.p.c. and with a 0-4 p.c. CO, mixture. 

The results are summarized in Table V and in Fig. 1. 


V. 


Differences in equili-  equili- Difference of the com- 
olality brated brated ofcom- bined CO, 
when equilibrated with with bined which is 
Composition with 10 and Bog 0-4 p.c. 7 not found 
of the mixture 0-4 p.c. CO, . 2 osmotically 


3 6 po: 90-0128 +.0-0006 00711 00556 00116 -10:3 
4 NeHCO, 0-0138+0-0004 0-0608 00149 + 7-4 
6 {NeHOO,0 2 D219 0-0133+0-0006 00382 00145 00197 +326 
0-0096 +0-0004 00249 00033 00177 +46 
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Starting from a concentration of about 11 p.c. of hemoglobin and 
of 0-5 p.c. of NaHCO,, a certain difference between the total combined 
CO, and the increase in osmotic pressure is evident. Such a difference 
increases in the mixtures at higher Hb content and at the lower NaHCO, 
content, so that the percentage of the combined CO, which does not 
appear osmotically rises to 46 p.c. of the total combined CO, in the pure 
Hb solution. 

In the mixtures having a percentage of Hb lower than 11, and of 
NaHCO, higher than 0-5, the difference between combined CO, and 
osmolality is practically the same: the fact that in this range the values 


0014 


g. Hb in 100g. H,O 


Fig. 1. Changes in osmolality and in mol. of combined CO, (ordinata) of sodium bicar- 
bonate-hamoglobin solutions (composition on the abscissa) in passing from equili- 
bration with a 10 p.c. to a 0-4 p.c, CO, mixture. 


of difference in combined CO, seem to be a little lower than the values 
of the difference in osmolality could be attributed to a lower osmotic 
coefficient of the sodium hemoglobinate than of the sodium bicarbonate. 

These experiments confirm the existence of the partial apparent 
disappearance of the combined CO, in hemoglobin solutions just like 
that found in blood, and they show that the amount of the combined 
CO, which disappears varies rather largely with the concentration of the 
Hb and of the bases in solution. Furthermore, within the range of these 
curves is to be found that part which has the greatest biological import- 
ance, namely that from about 15 p.c. of Hb, which corresponds more 
closely to the chemical conditions of the blood; and it is just in this 
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range where the apparent disappearance of the combined CO, is more 
evident. 

These results cannot be attributed to the formation of a bicarbonate 
of hemoglobin less dissociable than the sodium bicarbonate, if the 
assumption generally accepted that the formation of such a compound 
can occur only in a solution having a pH on the acid side of the isoelectric 
point of the hemoglobin is true: the solutions used had all a pH higher 
than the value of the isoelectric point of the hsmoglobin, because the — 
original solution of hemoglobin contained a rather large amount of 
alkali; the most acid solution, which was the hemoglobin solution in 
equilibrium with 10 p.c. of CO,, had a pH, as measured with the anti- 
mony electrode of 6-91; the pH of the same solution in equilibrium with 
0-4 p.c. of CO, was 7-15. 

- Determinations of pH of these solutions while they were on the 
thermopiles in equilibrium with the various CO, mixtures have been 
attempted, with the help of Dr Brinkman, by means of the antimony 
electrode. Though the method, as used, was not accurate enough to give 
exact values, nevertheless the phenomenon of the partial disappearance 
of the HCO, ions was clear in this case also, for at low CO, pressures 
the difference of the pH as measured was distinctly less than that 
calculated from the CO, content with the Henderson-Hasselbalch 
equation. More accurate comparisons, which do not seem to have been 
rigorously made before at very low CO, pressures, are to be carried out. 


Discussion. 


The greatest amount observed of combined CO, which does not appear 
osmotically is 0-008 molal.; since 28-9 p.c. Hb solution is 0-00425 molal., 
it appears that each mol. of Hb (molecular weight 68,000) can bind about 
2 mol. of CO,: about the same value can be calculated from the data 
obtained with the solution containing 21-6 g. p.c. Hb. 

This is rather a small amount compared with the total amount of 
CO, contained in the blood; in fact, for a blood containing 14 g. of hemo- 
globin in 100 ¢.c. and 0-025 mol. of total CO,, the CO, which may be 
bound with the hemoglobin, assuming the proportion of binding given 
above, is only 0-005, viz. 20 p.c. of the total CO,: this corresponds 
approximately with the value observed in the defibrinated blood. | 

A bindirgz of the CO, with the hemoglobin to such an extent would 
give the reason for the difference between the calculated and the observed 
osmotic pressure of hemoglobin-bicarbonate solution in the experiments 
_Tecorded above; this difference is in fact of the same order of magnitude. 
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Since the amount of CO, which is bound with the hemoglobin is so 
small a fraction of the total CO,, the methods of detecting the amount 
of HbCO, by means of the formula 


©O, totai = CO, aise, + H,00, + NaHCO, + HbCO,, 


used by van Slyke, Stadie, et al., are not accurate enough; the value 
of HbCO, is in fact very small in comparison with the concentration of 
the NaHCO, ; this is seen also in my experiments on the osmotic pressure 
of mixtures of Hb and of NaHCO,. For the same reason the fact that 
the titration curves of Hb solutions with HCl and with CO, are not 
measurably different does not constitute evidence against the hypothesis — 
of the formation of HbCO,; furthermore, there is the possibility pointed 
out recently by Henriques[1931] that the HbCO, is an acid stronger 
than the Hb, and compensates in that way the partial disappearance of 
the COQ,. 

To sum up: osmotic pressure measurements confirm the existence 
of an apparent partial disappearance of the combined CO, in blood and — 
hemoglobin solutions when they are equilibrated with a CO, mixture, 
as was shown previously by the Donnan experiments of Adair and of 
Henriques, and by Stadie and Hawes’s determinations of the apparent 
dissociation constant of the COQ,. | 

Such a phenomenon can hardly be attributed to a decrease in activity 
of the sodium bicarbonate, because a corresponding decrease has not 
been found in mixtures of hemoglobin and bicarbonate solutions as 
well as in mixtures of hemoglobin and of sodium chloride. It seems 
therefore justifiable to ascribe the results obtained in these experiments 
to a partial combination of the CO, with the hemoglobin. 


APPENDIX ON SOME OSMOTIC PROPERTIES OF GLYCINE IN SOLUTION. 


Some experiments have been carried out on the vapour pressure of 
glycine solutions and on the influence on it of the presence in solution 
of salts, namely NaCl, and NaHCO, at various CO, tensions. This has 
been done with the purpose of studying if the same phenomenon of the 
binding of CO,, or of HCO, ions, is also evident in the simplest protein 
derivatives, and consequently is due to the presence of their char- 
acteristic groups; and in this case to show the phenomenon in a greater 
extent owing to the possibility of getting solutions in a greater molal 
concentration. 
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I. Osmotic pressure of pure glycine solutions. 
Determinations of the vapour pressure of glycine solutions of various 
strength have been made, against water, and the results are given in 
Table VI: each figure is the mean of four double determinations. 


Taste VI. 
| Osmotic 
Concentration coeffi- 

of glycine Osmolality cient fy 1-f, 
0-664 p.c. 20-0885 mol. 0-0788 +.0-0007 0-890 0-110 
1-228 p.c. =0-1634 mol. 0-1372 40-0007 0-840 0-160 
2-117 =0-282 mol. 0-2339 + 0-0007 0-829 0-171 
2-793 p.c.=0-372mol.. 0:3072+0-0011 0-826 0174 
3-870 p.c.=0-516 mol. 0-4238 0-820 0-180 
7-720 p.c.=1-029 mol. 0-810040-0025 0-213 

1 


0 i 

: Molality of glycine solution 

Fig. 2. Osmotic coefficient of glycine solutions in water at 0° C. (from Lewis's freezing- 
point data) and at 18° C. (from the present vapour-pressure determinations). 


In Fig. 2 the osmotic coefficient is plotted against the glycine con- 
centration (curve A); curve B represents the same phenomenon at 0° C., 
the data being obtained from Lewis’s paper [1931]. 

It will be seen that, according to Lewis’s measurements at 0° C., 
and my determinations at 18° C., the osmotic coefficient in both cases 
is less than unity, and Lewis has suggested that polymerization takes 
place. There is a difference between the curves at 0° and 18° C., which 
has not yet been accounted for, but it is not important for the purpose 
of this work, which is concerned with the changes caused by salts at a 
constant temperature. 

It may be mentioned that in contrast to what happens at 0° C., the 
values (1 — f,) rise rapidly at first and then much more slowly with 
increase in concentration of the glycine, showing a behaviour analogous 
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to that given by a NaCl solution. This change and the difference in osmotic 
pressure of the glycine solution at 0° C. and at 18° C. (the temperature 
at which my determinations were made) may be explained in a reasonably 


: 


Osmolality - 


# NaHCO, 


0-44 
—© Glycine-NaHCO, II 
| 
0-3- 


NaHCO, Il 


0-2- NaHCO, II] 


Fig. 3.. Osmolality of a glycine solution and of three NaHCO, solutions equilibrated with 
various CO, percentages. The dotted lines represent the osmotic pressure of mixtures 
of equal parts by volume of the glycine solution with the bicarbonate solutions. For 
the exact composition of the various solutions see Table VII. 


satisfactory way by the Debye-Hiickel interionic attraction theory; 
this factor, on the other hand, is not probably the only one which plays a 

a3 part in this osmotic abnormality, since polymerization to a certain degree 
Eos has been demonstrated to occur at 0° C. [Lewis, 1931]. 
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Il. Osmotic pressure of glycine-sodium bicarbonate solutions at — 
various CO, pressures. 


Osmotic pressure determinations of mixtures in equal parts by 
volume of this solution of glycine and of sodium bicarbonate solutions 
of known osmotic pressure have been made at various CO, tensions. 
The results, each figure representing the mean value of two _— 


determinations, are given in Table VII and in ~~ 3. 


- Composition of the solution 
NaHCO, I 


NaHCO, II 


‘NaHCO, III 


3-87 p.c.=0-516 mol. 


NaHCO, 1- 423 1 p.c. (0-1694 mol.) 
NaHCO, II 
cine 1-990 p.c. (0-265 mol.) 
0-749 p.c.(0-0891 mol.) 
e NaHCO, III 


1-988 p.c. (0-265 mol.) 
NaHCO, 0-258 p.c. (0-0628 mol.) 


_ The osmotic coefficient of the glycine decreases enormously in 
NaHCO, solutions, and also simply by effect of the CO, alone, as it is 
seen in Table VIII; such a decrease is much greater than what could be 


Vil. 

ite 


0-04 p.c. CO, 
0-4238 


p.c. CO, 
042665 


Osmolality 


421 p.c. 

4-21 p.c. 


8-6 p.c. CO, 
0-5440 


“dino 


8-46 pac. O0, 
“on” 


0- 


Taste VIII. 

0-04 p.c. CO, 4-21 p.c. CO, 8-46 p.c. CO, 
Glycine—NaHC0, I 01619 0-608 01626 0611 0-1710 0-643 
0-04 p.c. CO, 4-21 p.c. CO, 8-46 p.c. CO, 
Glycine—NaHCO, IT 0-1746 0-659  0-1769 0-667 0-1785 0-673 
0-04 p.c. CO, 4-85 p.c. CO, 9-66 p.c. CO, 
-Glycine—NaHCO, IIIT 01753 0-661 0-1798 0-677 0-1796 0-676 

: 0-04 p.c, CO, 4-18 p.c. CO, 8-60 p.c. CO, 
Glycine 0-4238 0-820 0-4187 0-811 0-808 


preemure of «solution of pure NaHCO, of the same strength, in eqoilibiam 
2 tensi 
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with the aame 


Joa. is the osmotic coefficient given by the ratio Ag, /molality of glycine. 
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accounted for by the Debye-Hiickel theory, so that it must be attri- 
buted either to an increase of the polymerization of the glycine mole- 
cules, or to a combination of the glycine with the NaHCO, or with the 
CO,. Such a difference cannot be attributed to neutralization of the 
NaHCO, by the glycine and to consequent elimination of CO,, in the 
experiments made with the equilibration of the solutions with the 5-10 p.c. 
CO, mixtures. 


III. Osmotic pressure of glycine-sodium chloride solutions. 
It was of interest to investigate the influence of sodium chloride upon 


the osmotic behaviour of the glycine. The experiments made in the same 
way as those reported above gave the values collected in Table IX. 


IX. 

Composition of the solution Osmolality Aq hw 
Glycine 1-890 p.o. (0-252 mol.) 0-3601 0-2101 0-835 
NaCl 0-4756 p.c. (0-0813 mol.) 

Glycine 1-887 p.c. (0-251 mol.) 02856 0-2084 0-830 
NaCl 0-2403 tae (0-0411 mol.) 


Glycine 1-888 p.c. (0-252 mol) 00-2663 80 
NaCl 0-1603 p.c. (00274 mol.) 


Aq, and fyq, have the same significance as given in Table VIII. 


The osmotic coefficient of the glycine in NaCl solutions is not appre- 
ciably different from the corresponding value in water. This makes it 
evident that the abnormal behaviour of the glycine in presence of 
NaHCO, and of CO, is due to the HCO, ions and perhaps also to the COQ,. 

Whether such abnormality is due to polymerization of the glycine 
or to a combination product of the glycine with the HCO, ions or the CO, 
is not possible to say with certainty: the last hypothesis, however, seems 
to me far the more probable, and could be interpreted as a reaction of 
the carbonic acid with the amino group of the glycine, with the resulting 
formation of a carbamino acid, a reaction which appears very likely to 
occur. The lower osmotic coefficient of the pure glycine solution in 
presence of CO, could be interpreted as an increase of polymerization 
of this product, or to a binding of this product with the pure amino acid. 

These experiments with the glycine confirm the possibility of the 
formation of combination products of the CO, with proteins in non- 
dissociable form and in which the CO, is not in form of HCO, ions. 


If really the CO, is chemically bound with the NH, group of the 
glycine, we may expect that such binding occurs with all proteins which 
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contain in their molecules free NH, groups, in proportion to the number 
of the latter. It is not possible, however, to say whether the binding of 
the CO, with the hemoglobin, which occurs in the blood, is of this type. 

In relation to the assumed catalytic action of the hemoglobin on the 
reaction of hydration and dehydration of the CO,, Dr Roughton has 
pointed out to me that, according to present-day theories, the hemoglobin 
must form an intermediate compound both with the CO, and with the 


H,CO,, te. CO, + Hb == CO,Hb, (a) 
- Even when the catalytic reaction is complete, there must be in existence 


a concentration of CO,Hb = , and of H,CO,Hb = 
where K’, K” are the equilibrium constants of the reactions (a) and (6). 

At present there is no information as to the values of K’ and of K”’, 
so that it is not possible by this way to say if the compounds CO,Hb and 
H,CO,Hb are in the blood in appreciable amount; but experiments on 
the kinetics of the catalysis are being carried out, and these may throw 
light on this point. Until we know which part of the hemoglobin serves 
as the active centre for CO, catalysis, it would be undesirable to pursue 
further the comparison between the nature of the binding of the CO, 
with hemoglobin on the one hand, and with glycine on the other. 


SUMMARY. 

1. The difference in osmolality between blood equilibrated with 
5 p.c. CO, mixture and blood equilibrated with air (0-016 + 0-0004) is 
less than the difference of CO, content expressed in molality (0-0315), 
which shows a partial osmotic disappearance of the combined CO, from 
the blood. 

2. The same phenomenon has been shown on the same sample of 
defibrinated blood, equilibrated with a high and with a low percentage 
CO, mixture; here the changes of osmotic pressure were only from 55 to 
65 p.c. of the changes in combined 00,. | 

3. Determinations on centrifuged blood corpuscles showed the 
existence of the same fact. 

4. Qn the other hand, for blood serum the changes in combined OO, 
and in osmolality were within the limits of experimental error the same. 

5. The presence of hemoglobin in solution does not decrease appre- 
ciably the osmotic activity of sodium chloride; the very small decrease 
observed seems to be independent of the concentration of sodium 
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chloride, within the region examined, and to correspond to a disappearance 
of 1 mol. of NaCl per 1 mol. of hemoglobin (mol. weight 68,000). 

6. Determinations of the osmotic pressure of solutions of hemoglobin 
and sodium bicarbonate also gave values just a little lower than those 
expected, but far from explaining the phenomenon mentioned in (1), 
(2) and (3). 

7. Osmotic pressure determinations of sodium bicarbonate-hemo- 
globin solutions of various strengths, equilibrated with a high and with 
a low percentage CO, mixture, showed, for certain hemoglobin and alkali 
concentrations corresponding approximately to the chemical conditions 
of the blood, the same osmotic partial disappearance of the combined 
CO, as was shown with blood. The phenomenon, therefore, in the 
' blood is due to the presence of the hemoglobin in it. The quantity of 
combined CO,, which does not appear osmotically in these experiments, 
reaches 46 p.c, of the total combined CO,, corresponding to 2 mol. of 
CO, for 1 mol. of hemoglobin. 

8. The osmotic coefficient of glycine has been tested in pure glycine 
solutions at various CO, pressures, in sodium chloride solutions, and in 
sodium bicarbonate solutions at various CO, pressures. Its value in 
sodium chloride solutions is not appreciably lower than in water; it 
decreases, however, very sensibly in CO, and in sodium bicarbonate 
solutions. This is discussed in relation to the results obtained with blood — 
and with hemoglobin solutions. 


I wish to express my best thanks to Prof. A. V. Hill, Prof. J. Bar- 
croft, Dr F. J. W. Roughton and Mr G. 8S. Adair for their very 
valuable help and advice a the course of this work. 
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THE RELATION OF GASTRIC FUNCTION TO THE — 
CHEMICAL COMPOSITION OF THE BLOOD. _ 


By FRANK L. APPERLY 
MURIEL G. CRABTREE. 


seinen the Macleod Laboratory, Pathology Department, 
University of Melbourne.) 


ConsIDERATION of the literature concerning the function of the stomach 
under normal and pathological conditions, viewed in the light of our 
own clinical and experimental work, led us long ago to suspect that the 
chemistry of the blood has some relationship to gastric function. 

Apperly and Semmens [1927] gathered together evidence from 
various sources, which showed that, when a number of different indi- 
viduals were compared, gastric muscle tonus and activity and gastric 
acidity during a fractional test meal varied directly with the bicarbonate 
content of the plasma drawn from the fasting subject (see Fig. 3). In 
a later paper [Apperly and Semmens, 1928] they produced evidence 
indicating that gastric activity and plasma bicarbonate varied together 
because both depended on the oxygenation of the blood. 

The question, however, has since arisen as to how far gastric chemical 
activity depends directly, if at all, on the chemical composition of the 
blood apart from those changes which are due to oxygenation. We 
therefore decided to investigate the chemical conditions in the stomach 
when the plasma bicarbonate and chloride contents were experimentally 
varied by other methods. It appeared likely that the interpretation of 
our results would be difficult on account of the facts (a) that gastric 
acidity depends not only on gastric secretion but also on dilution and 
neutralization by other fluids, and on emptying time, and (6) that 
alterations in plasma bicarbonate involve alterations in the H-ion con- 
centration of the blood, both of which changes =o be expected to 
influence gastric chemical function. | 


METHODS. 

a The experiments were made on nine healthy males. In Pe the 
_ fractional method of gastric analysis was used, 400 .c. of thin gruel 
PH. LXXIII. 
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being given, samples drawn at } hour intervals (after mixing the gastric 
contents by working the syringe piston to and fro several times), titrated 
with N/10 sodium hydroxide, and the acid concentration or acidity 
calculated in the usual way. In the other five 250 c.c. of 0-4 p.c. solution 
of hydrochloric acid (0-110 N) was substituted for the gruel meal, the 
analysis being carried out in the same way. In all cases the volume left 
in the stomach at the end of the time chosen for the experiment was 
withdrawn and measured. The acid concentration in this residue, multi- 
plied by its volume, gives the “units of free HCl” of column 9 in 
Table I. 

Alterations were produced in the blood by four different methods. 
Clinical conditions producing the same changes are included in brackets. 

1, Fall of blood pH with low plasma bicarbonate, by ingestion on 
the previous evening of 20 g. of ammonium chloride dissolved in a litre 
of water [Haldane, 1921, 1928] (chronic nephritis, diabetes). 

2. Fall of blood pH with high plasma bicarbonate by breathing an 
atmosphere containing 3 to 4 p.c. of CO, for 20 to 40 minutes before and 
during the meal [Davies, Haldane and anneeeeys 1920] (uncom- 
pensated cardiac disease, emphysema). 

3. Rise of blood pH with low plasma bicarbonate by immersion of 
the whole body in a hot ‘bath of temperature 38° to 40°C. for 20 to 
30 minutes before and during the experiment. This produces hyperpncea 
with blowing off of CO,, and a temporary relative excess of bicarbonate 
in the blood [Haggard, 1920] (fevers, high altitudes, tropical climates, 
anoxsemia, ansemia). 

4. Rise of blood pH with high plasma bicarbonate by ingestion of 
40 g. of sodium acetate dissolved in 1 litre of water on the evening before 
the experiment [Haldane, 1924] (Sippy alkaline treatment, after 
severe vomiting). 

The changes in plasma bicarbonate and pH, according to these and 
other authors, are indicated in columns 3 and 4 of the accompanying 
table. Our colleague, Mr A. H. R. Champion, B.D.8c., has lately in- 
vestigated the urinary pH under our experimental conditions and found 
marked changes corresponding to those of column 3. His observations, 
together with others, will be published later. 

Immediately before each meal the blood was drawn from a vein 
under oil, the hand and arm being previously immersed in hot water for 
3 or 4 minutes to dilate the capillaries and fill the veins with red, appa- 
rently arterial, blood. In individuals A, B and C the whole blood was 
then equilibrated with the alveolar air of one of us and centrifuged under 
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oil without loss of CO,. The CO, content of the plasma was then deter- 
mined by the method of van Slyke [1917]. It will be noted that our 
estimations of plasma OO, capacity do not correspond with those indi- 
cated in column 4 of Table I. This of course is due to our method of 
“‘arterializing” the blood after it is drawn by equilibrating it with an 
alveolar air of a practically constant partial pressure of CO,. The more 


acid blood therefore takes up less CO,, while the more alkaline blood — 


takes up more CO,. The variations in column 5 consequently are more 
closely parallel to those in column 3. In the hot bath experiment, for 
instance, our result is much higher than that which would be obtained 
if “arterialization” were omitted. We used this method, however, be- 
cause it was that used in the construction of Fig. 3. The reasons are 
given elsewhere [Apperly and Semmens, 1927]. 

In the cases of individuals D and E, however, the blood was centri- 
fuged under oil immediately after drawing, the plasma alone equilibrated 
with alveolar air and the CO, then determined. We now found that the 
_ plasma values ran parallel with those in column 4. We thus, by noting 
_ whether the changes in gastric activity parallel those in column 3 or 4, 
have a means of determining whether these changes are influenced by 
blood pH or plasma bicarbonate. _ 

In subjects F, G, H and I, on whom our earliest experiments were 
made, no blood examinations were made. F took 15 g., and G only 10 g. 
of ammonium chloride on the night before the experiment. 

Subjects H and I, by breathing through a 27 inch tube of 4 inch 
bore, rebreathed their own carbon dioxide. : 

In addition, in six other students the effects on gastric acidity during 


a test meal of rebreathing their own CO, were investigated. These results — 


are not included in Table I, but will be referred to later. 

The order in which the various experiments were carried out was 
varied in different individuals in order to avoid possible errors due to 
psychic influences. 

| RESULTS. 


Our results are shown in Table I and the accompanying figures. 
These are as follows: 

(a) Gastric acidity in the gruel meal. Probably the most striking result 
is that shown in Fig. 1, in which, in the case of subject E, the figures 
representing the total chlorides and free hydrochloric acid in the samples 
drawn from the stomach one hour after the beginning of the meal are 
plotted against the CO, capacity of the plasma from the fasting blood. 

It is seen that these vary together. When, however, the blood was 
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equilibrated with alveolar air before separation of the plasma (subjects 
B and C) no relationship was found. It thus appears that gastric acidity _ 
varies with plasma bicarbonate and not with blood pH (as indicated by 
the figures in column 5) when the variations take place in any one — 
individual. 


& | 
HCl 
Total 
0-10FN at one 


0-02- | 
Suspect E 


Plasma CO, p.c. 


Fig. 1, Relationship of (a) the total chloride, total acidity and free HCl of the gastric 
contents one hour after the commencement of a test meal, to (b) the CO, capacity of 
the fasting blood plasma in subject E under various conditions of acidosis, alkalosis, 


When curves representing the averages of all the gruel meal cases 
(subjects B, C and E) are considered (Fig. 2), it is seen that the highest 
curve is that produced by the alkalosis following the administration of 
sodium acetate, with a high blood bicarbonate, and the lowest that 
produced by the alkalosis following immersion in a hot bath, with a 
low blood bicarbonate. | 

Fig. 3 is taken from a paper by Apperly and Semmens [1928], _ 
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Fig. 3. Relationship between (a) total chloride and total acidity of the gastric contents 
_ blood plasma in eighteen healthy students. 
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and shows that when a number of different individuals are compared, 
the free acid at one hour after the beginning of a test meal varies directly 
as the plasma bicarbonate of the fasting blood. In these cases, however, 
evidence was brought forward to show that both gastric acidity and 
blood bicarbonate depended on the oxygenation of the blood. 

We feel some doubt about the position of the acidity curve following 
CO, inhalation in Fig. 2. Bakaltschuk [1928] showed that the breathing 


of CO, raises gastric acidity, and almost coincidently with this Apperly _ 


and Semmens [1928] showed that when six students rebreathed their 
own CQ, by breathing through a 22 inch glass tube, their average gastric 
acidity at one hour was raised from 43 to 56, that is, by 30 p.c. The 
evacuation time was also increased, but the total chloride concentration 
was little affected. 

Our different results in this series may have been due to two causes: 
(1) owing to the use of a more complicated apparatus with rubber 
mouthpiece there was more profuse salivation and less opportunity for 


this saliva to escape. Probably more was swallowed, with consequent: 


dilution of gastric contents and a larger volume at the end of each 
experiment. This was easily obviated when only a glass tube for re- 
breathing was used, as in our earlier experiments; (2) Davies, Haldane 
and Kennaway [1920] showed that the breathing of CO, did not appre- 
ciably raise the plasma bicarbonate for one or two hours. In our experi- 
ments blood was drawn and the meal begun only 20 to 40 minutes after 
CO, breathing commenced. 

- With regard to gastric acidity during alkalosis it is interesting to 
note some recent observations. Talbert and Rosenberg [1927] found 
that sweating in a ‘‘sweat cabinet” (which would correspond to our hot 
bath experiment) lowered gastric acidity within 20 to 30 minutes. On 
the other hand Dragstedt and Ellis [1930], by constant draining away 
of gastric juice in dogs through a gastrostomy opening, produced a large 
fall of blood chlorides with a great rise in plasma bicarbonate and an 
extreme degree of alkalosis. Nevertheless the gastric juice secreted at 
this stage had a free acid value of 0-31 p.c. (0-085 N). Although in both 
sets of observations there was an alkalosis, in Talbert and Rosenberg’s 
experiments there was a fall in blood bicarbonate with diminished 
acidity, while Dragstedt and Ellis produced a rise in blood bicar- 
bonate with a high acidity of the pure gastric juice. 

From these observations it seems clear that gastric acidity varies 
with plasma bicarbonate, irrespective of H-ion concentration. 
(b) The effects on emptying time. With gruel test meals it is known 
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that, in general, emptying time is much less than normal in those 
stomachs that have a low acidity, whereas those stomachs with high | 
acidity generally empty slowly. This was clearly shown by Apperly 
- and Semmens [1928]. But this is not always so. The relationship 


0°06 


0:04 


Amm. chloride 


“Normal 
0-02 
Breathing CO, 
Sod. acetate 
\ Hot bath 
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Fig. 4. ‘Average acid concentrations in the stomachs of subjects A and D, under the 
experimental conditions indicated, when 250 c.c. of 0-12 N HOl was substituted for 


the gruel test meal. 


indeed is a complicated one. Thus a primarily rapid emptying of the 
stomach with a normal or even low acid secretion can produce a high 
acidity, and slow emptying of the stomach, as in pyloric obstruction, 
can result in a low acid curve, though the acid secretion can be shown 
to be much increased. In order to avoid these complications we investi- 
gated the effect of altered blood composition on emptying time when 
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a fixed volume of 0-120 N hydrochloric acid was-placed in the stomach, 
thus avoiding the errors due to variations in secretion, since the presence 
of a foreign acid in the stomach abolishes secretion of gastric acid 
[Ivy and Whitlow, 1922; Apperly, 1926]. The figures obtained in 
subjects A, D, G, H and I show that the administration of ammonium 
chloride and CO, breathing on the whole increased both the emptying 
time and the amount of acid left in the stomach at the end of the 
experiment. On the other hand, after the alkalosis of sodium acetate or 
the hot bath both volume and amount of acid left at the end of the 
experiment are on the whole diminished (subjects A and D) (see Fig. 4). 

The most marked effect of all was produced by ingestion of am- 
monium chloride, for in this case the stomach was least able to dilute 
and evacuate the acid placed in it. It is interesting in this connection 
that some years ago one of us made some observations, using the same 
method, in the corresponding clinical conditions, the acidoses of diabetes 
and chronic nephritis. The average figures obtained, and the number of 
individuals observed, together with those of normal students, are shown 
in Fig. 5. It will be seen that the normal students were able to lower 
the concentration of the acid placed in their stomachs more rapidly 
than the diabetics or the nephritics. Unfortunately no records were kept 
of the amounts of unneutralized acid left in the stomach at the end of 
each of these experiments. 

(c) Emptying time of the gruel meal. From what has been said, 
emptying time appears to depend on acid secretion, pH of blood, and 
on gastric muscle activity. We would further expect the emptying time 
to be greatest where both the secretion of acid and the H-ion concen- 
tration of the blood are raised, as by breathing CO,. The figures of 
subjects B, C, E and F show that, on the whole, this is so, these people 
having the largest volume and the greatest amount of acid left in the 
stomach at the end of the experiment, though not the highest acidity. 
The reasons for the high acidity after sodium acetate will be discussed 
later. 

On the other hand, after sodium acetate and the hot bath the amount 
of acid left in the stomach at the end of the experiment has fallen, though 
the volumes are not affected. 

In subjects E and F the figures representing “units of acid” re- 
maining at the end of the experiment have been omitted from column 9, 
because these experiments were carried on till 1? and 2 hours respec- 

tively, a time when acid secretion has ceased and’ duodenal —— 
and other complications have occurred. 
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Fig. 5. Average acid concentrations in the stomachs of eight dishetics, fifteen chronic 
_ nephritics, and twenty-one normal students, when 250 c.c. of 0-11 N HCl was sub- 


or an alkalemia, and (b) that emptying time varies with the H-ion 
concentration of the blood. We are unable to indicate the exact 
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Discussion. 


Our results, together with those of the other authors quoted, indicate 
clearly (a) that gastric acidity varies with the fasting plasma bicarbonate, 
‘ irrespective of how this is produced, or whether there is an acidemia 
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stituted for the usual test meal. 


mechanism of these changes, but would suggest the following. 


In the first place we would point out that the concentration of acid 
in the gastric contents at any moment depends on more than the amount 
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of acid secreted into the stomach. The rate of emptying also has an effect. 


; : total amount of HCl in stomach 
At any moment the acid concentration = of contents 


Of these factors the total acid in the stomach is the resultant of the 
acid secreted, less that which has been evacuated and that which has 
been neutralized by duodenal regurgitation, while the volume is that 
which has been ingested, together with the volume of acid and neutral 
chlorides secreted and the fluids regurgitated, less the volume that has 
been evacuated. That the most important of these is rate of evacuation, 
has already been shown by one of us [Apperly, 1923]. 

In the alkalemia following the hot bath and the administration of _ 
sodium acetate in subjects A and D (Fig. 4) we found that when a fixed 
amount of HCl was placed in the stomach, the latter emptied, and the 
acid curve fell, more rapidly than normally. This would seem to indicate 
that in alkalemia the pancreas excreted alkali more readily. This is in 
agreement with Woinar’s [1928] experiments on the relation of the 
quantity and alkalinity of the pancreatic juice and the alkali reserve of. 
the blood, from which he concluded that the pancreas is one of the 
regulators of the acid-base balance of the blood. 

In the gruel meal following the alkalosis of sodium acetate we find 
a higher acidity than in all other experiments. This might be due to a 
greater secretion of HCl. But a high acidity might follow even a normal 
rate of secretion, since, as the stomach empties more rapidly than 
normally, there would remain in the stomach at successive periods of 
time a smaller volume of gruel to be acidified, and hence a greater con- 
centration of acid in the samples withdrawn would result, especially 
towards the end. Although this is probably the main reason for the 
higher acidity after sodium acetate, there is probably also an increased 
secretion of acid, as will be discussed later. — 

In the case of the hot bath experiment, however, it is obvious that 
acid secretion by the stomach is diminished. 

Qn the other hand, when blood H-ion concentration is raised, as after 
CO, breathing and ammonium chloride, and there is less alkali available _ 
for secretion by the pancreas, the stomach empties more slowly (subjects 
A, D, G, H and I), and consequently, with a larger volume in the 
stomach, the acidity in the gruel meal is lowered. This would account 
for the low acidity after ammonium chloride. During CO, breathing, 
however, there would seem to be an increased secretion of acid, with a 
raised acidity. 

Now observations by Loeb, Atchley and Palmer [1922] indicate 
that a Donnan membrane equilibrium exists between the blood plasma 
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and the tissue fluids similar to that which holds between the blood — 
plasma and the red cells. If such is the case we would expect alterations. 
in the ionic concentrations in the plasma to be accompanied by altera- 
tions in ‘the tissue fluids as in Hamburger’s phenomenon [1918] which 
occurs between the plasma and the red cells, i.¢. a rise in, for instance, — 
CO, tension in the alveolar air and blood to result in a displacement. of 
Cl’ ions from the plasma NaCl by HCO,’ ions, the Cl’ ions migrating into 
the tissue fluids. Thus we would expect the tissues to have more chloride 
available for secretion as HCl and NaCl and a higher gastric acidity. 
Similarly when CO, tension in blood and alveolar air are raised by the 
ingestion of sodium bicarbonate (or acetate) we would expect similar 
results in gastric secretion. In this connection the observation of Hardt 
and Rivers [1923] is interesting, that in the majority of patients 
examined by them, who were under Sippy’s alkaline diet for peptic 
ulcer, the gastric acidity was high and uncontrolled. 

Assuming the truth of our observations we might endeavour to find 
what determines the amount of acid secreted into a standard test meal. 

Roughly, the total acid secreted = VA, where V = volume, and 
A = the concentration of acid, in the gastric contents. But we have 
seen that V varies with blood cH, which in turn varies with the ratio 
H,CO,/N: aHCO,, while A varies with plasma NaHC0,. Hence total acid 
secreted varies with H,CO,/NaHCO, x a t.e. with the blood 
H,CO,, or. the CO, dissolved in the blood. - 


Conciustons. 

1, The concentration of hydrochloric acid in the gastric contents 
during a fractional test meal in healthy persons is determined by the 
bicarbonate content of the blood plasma, and can be made to vary with 
the latter. 3 


2. The emptying time of the stomach is determined by the pH of 
the blood. 


3. The amount of acid secreted by the stomach mucosa is deberccined 
by the — dissolved in the plasma. 


Our thanks are due to the Trustees of the Edward Wilson (The 
Argus”) Trust for their generous help towards the expenses of this work. 
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THE RATE OF BLOOD FLOW THROUGH : 
CYANOSED SKIN. 4 


By J. BARCROFT, A. BENATT, C. E. GREESON, 
anp Y. NISIMARU? 


(From the Physiological Laboratory, Cambridge.) 


W oLLHEIM [1927] has put forward a claim that the sub-papillary venous 
plexus should be reckoned as a “blood depot.” The claim rests on obser- 
vations which show that in cyanotic subjects the apparent blood volume 
could be increased by 400 c.c. or more by measures calculated to expel 
the blood from the skin into the general circulation. 

It may here be noted that the cases in question were pathological 
and that the method of measuring the blood volume was by the in- 
jection of trypan red. Wollheim’s results and those of Grab, Janssen 

and Rein [1930], who have put forward a similar claim for the liver, make 
it desirable to consider more closely the fundamental basis on which 
rest the conceptions underlying the term blood depot. 

To be a blood depot an organ must clearly contain important quan- | 
tities of blood which are unnecessary, or at least temporarily unnecessary, 
for its own metabolism and which can be transferred to other organs in 
order to meet their needs. Two extreme conceptions may be entertained 
as to the mechanism of a blood depot within the definition given above. 

It. is possible to conceive of an organ with a blood supply much 
more copious than is required for its own needs, with a large vascular 
bed and very open arterioles, through which blood in profusion courses 

@ rapidly. Constriction of the arterioles of such an organ would auto- 
matically allow of its copious content of blood draining into the venous 
system and passing to other parts of the general circulation, while the 
organ itself would be left bloodless or pallid. The opposite conception 
would be that of an organ in which the blood could be held in equal 
quantity but in a stagnant condition as in sinuses, or diverticula from 
the main blood stream. 

Between the two extreme conceptions there is the possibility of inter- 
mediate conditions. The point at issue then is this: When such an organ 
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is charged with blood what length of time does a corpuscle take in 
passing from the artery which supplies the organ to the vein which 
leaves it? 

Towards the answer to that question, as far as the skin is concerned, 
the present paper is a contribution. 


METHOD. 

The routine differed slightly in different experiments, but in essential 
features it was as follows: a comparison was made between the two 
hands, in one of which cyanosis was induced, and in the other flushing. 

The left hand was flushed by immersion in water, the temperature of 
a ea: which was about 36° C.; the skin became bright red. The right hand was 
cold and cyanosed. Barcroft’s hands readily become “blue” in wintry 
weather. In some experiments, of which he was the subject, the right 
hand merely hung down, in others it was treated with cold water. In 
experiments in which Benatt was the subject, it was necessary to sur- 
round his hand with ice bags to produce the necessary cyanosis. The 
blood was collected from cyanosed portions of the skin covering the end 
of the finger in Benatt’s case. In Barcroft’s case it was drawn from 
a number of small pricks on the back of the hand. In each case a sample 
consisted of 20c.mm. The blood was placed in 0-5c.c. of very dilute 
ammonia and corked up in a small tube. The subject, fitted with nose 
clip, then inhaled at a single inspiration a quantity of carbon mon- 
oxide which ranged in different experiments from 180 to 300 c.c. The 
breath was held for a short time and the subject then rebreathed oxygen 
from a Douglas bag fitted with a soda lime absorber. This he did for 
about 5 min., when he transferred to another oxygen bag, inspiring 
oxygen from the bag and expiring into the open air. During the latter 
process either valves were used or the subject removed the nose clip 
and expired through his nose, inspiring the oxygen from the bag through 
his mouth. 3 
Samples of blood were taken from the flushed and the cyanosed hand 
at intervals, usually of 4, 9, 14, 24 and 35 min. from the moment of 
inhalation of the carbon monoxide. | 
The percentage saturation of hemoglobin with carbon sdacaide was 
determined with the Hartridge reversion spectroscope; we have to 
thank Dr Roughton for making the determination in the last experi- 
ment. He had acquired (from Messrs Beck) a particularly accurate 
instrument, and he was unaware not merely of the order in — the 
samples were taken but of the purport of the experiment. 
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in other tho were made independently by two ob 
servers and the average taken. | 


10 20 30 0 10 20 
d 


Fig. la-d. Abscissa, time in min. from inhalation of CO; ordinate, percentage of 
CO-hemoglobin; R, flushed hand; 0, cyanosed hand. 


RESULTS. 

The results were rather irregular, as might be expected, for it was 
not possible to be sure that the vessels tapped by any particular prick 
were those of the sub-papillary plexus; the blood from the skin punctures 
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was mixed blood, venous, capillary and possibly even arterial, and was 
mixed in unknown proportions. Therefore the CO content of the blood 
obtamed by pricking the skin was intermediate between that of the 
arterial blood and that of the blood (if any) which had been stagnant 
in the veins. The results may be seen in the above charts of four 

In order to give a composite picture of the above experiments 
numerous methods of treating the data have been attempted. So rugged 
are the data that such treatment has but one justification, namely that 
all the methods employed give in essentials the same picture. That given 
in Fig. 2 was arrived at in the following way. The saturation of the 

| 


i0 
Fig. 2. Abscissa time in min, Ordinate, carboxyhwemoglobin expressed as a percentage 
of this mean quantity in the blood 9 min. after the inhalation of the gas, 
blood from the uncyanosed hand 9 min. after inhalation of CO was 
called 100 and the other saturations were expressed in percentages of 
this. This procedure was applied to the figures obtained from each 


experiment and the results were averaged. 


SUMMARY. 
There is a general agreement in the experiments described above: 
1. That after a considerable quantity of CO has been inhaled rapidly 
the blood in the uncyanosed hand does not reach its maximum content 


2 of CO for some mintites—more than 4, usually not more than 9. 


2. That under the same circumstances the curve for CO content in 
the cutaneous blood of the cyanosed hand lags behind that of the — 
uncyanosed hand. The rise in the curve is slower, the summit is later 
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and less high and the descent postponed. This lag seems to be of the 
order of 10 min. It indicates that a considerable number of corpuscles 
of time. 


We should like to thank Flight-Lieut. Walker and Dr Roughton 
and Dr Goldschmidt for assistance given us, and the Medical Research 
Council for a — of the iid | 
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THE RATE OF GAS EXCHANGE BETWEEN 
BLOOD CELLS AND SERUM. 
By M. N. J. DIRKEN ano H. W. MOOK. 


(From the Physiological Laboratory, Groningen, Holland. 
INTRODUCTION. 


- In 1927 Hartridge and Roughton published some remarkable experi- 


ments on the rate of uptake of oxygen by red blood corpuscles, their 
results showing this rate to be much smaller when the corpuscles are 
intact than when they are laked. As this problem is of pronounced 
physiological interest, we have been trying to secure further evidence 
on this point. The great trouble with problems of this kind is the com- 
plexity of the apparatus involved, and therefore it is of interest that 
we are able to confirm their main results by the use of a partly different 
technique. Moreover, we studied the rate of entry of carbon dioxide 
into the red blood cells, and at the end of this paper we will give an 
account of some experiments on the way in which carbon dioxide i is 
combined i in hemoglobin solutions. 


METHODS. 
(a) General plan of the experiments. 

For studying the rate of CO, absorption by the erythrocytes serum 
was separated from the corpuscles by centrifuging and then saturated . 
with CO,, after which it was again mixed with the corpuscles by injecting 
both in the small diameter mixing chamber of the apparatus. In a 
known time interval the mixed fluid reached a membrane which was 
impermeable to the blood cells but which let the surrounding fluid pass 


‘freely. 


The ultra filtrate which passed through the membrane was collected 
and determinations were made of the pH, total CO, and Cl content. 

The rate at which the corpuscles take up oxygen was studied in the 
same manner, the reagents to be mixed in this case being reduced whole 
blood and oxygen saturated hemoglobin solution in serum. By mixing 
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oxygen saturated blood with a solution of reduced hemoglobin in 
serum we were able to determine the rate at which the oxygen leaves 
the red blood cells by measuring the p.c. HbO, of the filtrate. 

In these experiments on oxygen distribution we are quite aware of 
having assumed that the great velocity of the reaction Hb + 0, == HbO, 
which oe and Roughton [1923, 1925} have shown to exist 


Fig. 1. General view of the apparatus. ‘By two separate pumps (only one being shown at b) 

oil is pumped from the 10-litre bottle a to the metal flasks c, c which initially are 
filled with water. The reagents to be mixed are contained in rubber bags in each 
of the steel cylinders d, d and propelled to the mixing chamber e by the water entering 
from c,c. By means of the disc f the time interval between the mixing and the ultra- 
filtration can be varied. 


in very dilute hemoglobin solutions is not appreciably smaller in the far 
more concentrated solutions which we used. As data on this point are 
not available and were unobtainable with the aid of the present technique, 
this assumption, — probable, must remain at present unproven. 


(b). Apparatus. | 
Tie a 10-litre bottle (a Fig. 1) oil was pumped by two a 
constructed pumps 6 (only one being shown in the drawing) to two steel — 
cylinders c, c which up to then were filled with water. -As it was of 
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| foremost importance to ensure an even rate of flow each pump contained 
id twelve pistons of small diameter, which completed each one up-and-down 
stroke per revolution of the pump and had a joint delivery of about 1 c.c. 
, This output could be maintained against a pressure of at least 10 atm., 
oe which was far more than actually required, as the head of pressure 
necessary to drive the fluid through the observation part of the apparatus 
seldom exceeded 1 atm., while the same pressure sufficed to press the 
serum through the membrane at a suitable rate. The water from the 
cylinders ¢, ¢ was pressed over into a second set of steel cylinders d, d 
which each contained in a rubber bag one of the fluids to be mixed. In 
:y this way each of the reagents was propelled separately—a procedure 
| which was found to be absolutely necessary in order to ensure an even 
composition of the mixed fluid. As regards this point too the pumps 
were tested and could be trusted to deliver the reagents in a constant 
proportion. Any air left in the system could be trapped and expelled 
by the small stopcocks fitted to the cylinders. The reagents in the rubber 
bags were conducted to. a mixing chamber e of the same dimensions 
as the one used in our former experiments [Dirken and Mook, 1930], 
the fluids again entering tangentially. After the mixing they passed 
through a disc f also described in the paper mentioned. This disc was 
used to vary the time between the mixing and the moment of obser- 
vation, The mixed fluid entered the filtration chamber at the upper 
end of groove a (Fig. 2) which tapered towards the other end and was 
) connected by 80 small parallel grooves (length 10 mm., width 0:4 mm., 
depth 0-1 mm.) with two others of similar shape (6, 6) which conducted 
the fluid to the outside. The membrane was clamped between plates c 
and d by tightly screwing these together and was supported on the 
opposite side of the filter chamber by a piece of filter paper which was 
let in flush with the surface of plate d. ; 
Behind this piece of filter paper small grooves led the filtrated fluid 
to the capillary tube e whence a sample could be obtained for analysis. 
After some trials the filter chamber was given this final shape in order 
to combine a comparatively large surface with a small volume and thus 
to increase as much as possible the contact between the passing fluid 
and the filter membrane. 

The fluid, which actually passes through the membrane, must ‘be 
fluid which is drawn from the periphery of the grooves, where pre- 
sumably the rate of motion is slower than that of the average fluid in 
the grooves. The time recorded in each experiment is, however, that 
taken by the average fluid to reach the middle of each groove, and must 
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therefore be less than the time value for the fluid which is filtered. Thus 
the experiments give a minimum value for the rate of any process 
investigated by their aid. But this minimum value is probably not far 
from the true value, for the following reasons: (a) the grooves were short, 
so as to keep the motion of the fluid therein as turbulent as possible; 

(b) the grooves were made very shallow, their depth (0-1 mm.) being 
only about 12 times the diameter of the ox-blood — so the 


Fig. 2. Detailed view of the ultrafiltration chamber. The membrane is clamped between 
plates c and d, The mixed fluid enters at the upper end of groove a and leaves by the 
grooves b, b which are connected with a by 80 shallow parallel grooves (length 10 mm., 
width 0-4 mm., depth 0-1 mm.). The ultrafiltrate is conducted to the outside by the 
cepllacy ‘ube Th inthe apparst can be by the reducing 
valve f. 


corpuscles themselves must probably have caused considerable mixing 
in the grooves; (c) the mean rate of flow in the grooves was considerably 
higher than the critical value for turbulent flow given by Osborne- 
Reynolds’ formula; (d) the average time taken by each corpuscle to 
traverse each groove was only 0-02 sec., which is small in comparison 
with the processes investigated in this paper, all of which took 0-2 sec., 
or more to reach half-completion. 

To accelerate the filtration a pressure of about 1 atm. was maintained 
in the outflow system by regulating the reducing valve f (Fig. 2). In 
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this way about 1 ¢.¢. filtrate could be obtained from each 100 c.c. of 
passing fluid. In each experiment the rate of flow was determined by col- 
lecting in a graduated cylinder the fluid leaving valve fin a given time. 
After a couple of months spent in trying to prepare membranes of 
suitable permeability we found that membranes which were well near 
perfect for our purpose could be obtained from the “ Membranfilter 
Gesellschaft,” Géttingen, Fabrikweg 2, simply by ordering ‘“ Membran- 
filter-mittel.” These membranes have a very smooth surface and a great 
many fine pores of approximately equal size (about 0-5:), and therefore 
this surface when passed by a rapid blood stream keeps back the blood 
cells perfectly, not allowing them to escape either in the body of the 
membrane or in the filtrate. To be sure of a free passage of the serum 
it was our custom to replace a membrane as soon as the rate of filtration 


showed signs of diminishing. 


(c) Analysis. | | 

The filtrated fluid on leaving the apparatus by tube e (Fig. 2) was 
allowed to run into a capillary pipette. If the gas content or the pH 
was to be measured the upper part of the column of fluid which hed 
- come in contact with the atmosphere was discarded. 

The content both of total CO, and of O, was measured by a micro- 
method based on the well-known van Slyke technique which will 
shortly be described by one of us (H. W. Mook) in the Biochem. Z. 
This method proved to be particularly well adapted for our purpose as 
each determination required no more than 40-70 mm.? of filtrate. 

The pH of the hemoglobin-free filtrate was measured by quinhydrone 

electrode in a small vessel, care being taken while introducing the 
electrode to press out any fluid which could possibly have come in con- 
tact with the atmosphere, control experiments with CO, saturated buffer 
solutions having demonstrated the possibility to do so without any 
appreciable loss of carbon dioxide. 
_. As only a small amount of filtrate was required for the measurement 
both of the gas content and of the pH it was our custom to perform 
duplicate analyses which usually agreed within very narrow limits and 
were only then added to the results. 

Although requiring a little more filtrate (0-5 c.c.) the Cl determinations 
too were usually done in duplicate. The method finally decided upon 
consisted in precipitating the proteins by trichloracetic acid, centri- 
fuging and determining the Cl content by titration with a 05 and 
KCNS. 
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Determinalion of the vate at which 00, eters the 
red blood corpuscles. 

Ox blood was defibrinated by hand inaaadiatsly on bleeding the 
animal in order to secure hemoglobin-free serum, after which serum 
and blood corpuscles were separated as quickly as possible by centri- 
fuging. The serum was then saturated with CO,, and after transport to 
one of the rubber bags of the apparatus a sample was taken and its 
total CO, content and pH determined. The erythrocyte suspension was 
transferred to the second bag, and from this two readings of the volume 
of the blood cells were made by hematocrit and a second somewhat 
larger portion sharply centrifuged again, after which the pH and the 
total CO, content were determined of the supernatant serum, From 
the pH and the total CO, the amount of dissolved and of combined CO, 
of each of the reagents was calculated, and from these values, corrected 
for the volume of the blood cells and the proportion in which the reagents 
were mixed, could be deduced the dissolved and the combined CO, 
content of the fluid environment of the corpuscles at zero time, 1.¢. at 
the moment of ‘mixing. By altering the time interval between the 
mixing and the filtration and analysing the resultant filtrate the pH 
and the content of dissolved CO,, HCO,~ and Cl- of the surrounding 
serum could be determined at any moment after the addition of the 
erythrocytes. The state of equilibrium was studied by expelling the 
mixed fluid beneath a layer of ous oil and separating the serum 
the blood by centrifuging. 


A concentrated hemoglobin solution was prepared by the ether 
method and diluted with serum to about the hemoglobin content of the 
original blood, care being taken to remove every trace of the ether by 
bubbling air through the fluid, which at the same time ensured complete 
‘saturation. Another litre of blood of the same animal being evacuated 
at 40°C. the reagents were then transferred to the rubber bags of the 
apparatus and a sample of each taken. The hemoglobin and the oxygen 
contents of the oxygenated Hb solution were determined, and from these 
values was calculated the saturation of the hemoglobin outside the red 
blood cells at the moment of mixing. The saturation at any later period © 
‘was determined in the above-mentioned manner, while the value at 
equilibrium was again obtained by collecting under — oil and 
centrifuging. 
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(f) Determination of the rate at which O, leaves the red blood corpuscles. 
These experiments were conducted and calculated in the same way 


as those on the entry of oxygen into the blood cells, the reagents being 
‘in this case oxygenated blood and reduced Hb solution. — 


DISCUSSION OF RESULTS. 
(a) On the rate of gas distribution between serum and erythrocytes. 


The results of a typical experiment on the rate at which carbon 
dioxide enters the red blood corpuscles are shown in Table I and Fig. 3. 


Time in seconds 
Fig. 3. The rate at which the concentration of dissolved (0, falls and the corresponding 
rise of [H.CO,-] in the fluid environment of the blood corpuscles, 
+ dissolved CO,. x [HCO,~}. 


Compared with the CO, absorption by hemoglobin solutions which 
is practically finished in about 0-05 sec. as shown in our former paper, 
the entry of the gas into the red blood corpuscles is appreciably slower, 
there being a well-marked diminishing of dissolved CO, outside the 
cells even after 0-4 sec. Nevertheless the — of dissolved CO, 
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(HOO) 
pH litre mols/litre 
6-39 31-8 


saturated serum — 23-6 

{seu outside blood 7-55 1-6 17-1 
mixing . cells 
0 27:9 22:6 
Time 0-11 95 262 113 
= 
1-12 7-11 

in sec. 56 7-15 73 31-1 108 

7-19 6-7 31-2 

4 
A B 


2 3 4 5 0 1 2 3 a 6 
Time in seconds 
Fig. 4. Two examples of the rate at which O, dlaappears freon axygenated hnenoglobin 
solution in contact with reduced erythrocytes. 
Taste I. 
Time after Hb 
solution 
Experiment in sec. (c.c, O,/g. Hb) 
A 0 1-40 
0-10 1-28 
0-18 1-23 
0-87 1-05 
0-88 
B 1-33 
O11 1-32 
0-87 0-99 
4-56 0-80 
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is fairly abrupt, and is accompanied by a somewhat more gradual rise 
of the bicarbonate content of the fluid surrounding the — but 


TaBLE ITT. 


| 
7 
Time in seconds 
lee Fig. 5. “The rate of oxygen distribution between » reduced Hb solution and oxygenated 
| blood corpuscles. 


even so HCO,- ions appear to diffuse out as soon as CO, enters the cell. 
As far as can be seen from Table I this shift of HCO,~ ions to the outside 
| 
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0 0-21 
0-11 0-31 
0-37 0-41 
0-97 0-65 
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- The rate of entry of oxygen may be demonstrated by the two — 
ments whose results are given in Table II and Fig. 4. 

The rate of the reverse process is shown in Table III and Fig. 5. 

In accordance with the results published by Hartridge and 
Roughton [1927] the experiments given above suggest the rate of 
distribution both of 0, and of CO, between red blood corpuscles and the 
_ surrounding serum to be much smaller than could be expected from the 
velocity with which these gases react with hemoglobin in solution. In 
the paper mentioned these authors caution against premature deductions 
from in vitro experiments as to the rate of gas distribution inside the 
living blood capillary unless one can be sure (a) that the concentration 
of dissolved gases at any instant of time is uniform in all parts of the 
fluid surrounding the corpuscles, and (6) that the condition of the 
corpuscles is the same asin vivo. 

Hartridge and Roughton, by v various controls, cea that re- 
quirement (a) was fulfilled in their experiments, and in our opinion the 
same must be true of our own experiments for the repeated remixing 
of the fluid on its tortuous course through our apparatus must have 
been more thorough than in Hartridge and Roughton’s experiments. 

In regard to requirement (b), however, we feel not so very confident. 
At least we had the advantage of being able to conduct our experiments 
on whole blood, but even so the treatment involved may well have 
affected the condition of the corpuscles. In this connection the paper of 
Bock, Dill, Edwards, Henderson and Talbott [1929] is of special 
interest. These authors found the partial pressures of oxygen in the 
arterial blood in man to be lower than in the alveolar air, and suggested 
the hypothesis that oxygen equilibrium between cells and plasma i is not 
attained until after passage through the lung capillaries. i 


(6) On the influence of the concentration of Hb on the rate 
of CO, absorption by buffer mixtures. 

In concluding we may be allowed to mention the results of some 
experiments on the influence of small amounts of hemoglobin on the 
rate of CO, absorption by phosphate solutions. These experiments were 
undertaken in order to investigate in which manner anhydrous CO, 
is combined by ‘hemoglobin and are to be compared with identical 
experiments by van Slyke and Hawkins [1930], Henriques [1928, 
i and by Brinkman and Margaria [1931]. | 

~The technique used has already been described in our former paper 
[Dirken: and Mook, 1930]. A phosphate buffer mixture — 7:5), to 
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which in some experiments was added a varying amount of hemoglobin, 
was mixed with water of known CO, content (71 p.c. saturated), the 
resulting pH being 7:2, About 0-1 sec. later the concentration of CO, 
in solution was determined in the usual way. For comparison purposes 
the concentration of the dissolved CO, was measured when equilibrium 
was attained by collecting the mixed fluid under paraffin oil and by 
sending it again through the apparatus some 10 minutes later. 


Phosphate solution and water 0:09 
(71 p.c. CO, sat.) 
0-042 g. Hb in 100 0-09 39 
"end water (71 p.c. CO, sat.) About 10 
0-35 g, 9 
p.c sat.) About 5 
g. Hib in. 100 hosphate 009 6 
end (Ti p.c. ‘60, sat.) 
Hb in 100 0-09 10 
“and water (71 sat.) 7 


The results of these experiments which were conducted at 16°C. are 
summarized in Table IV, and clearly indicate that even such a small 
concentration as 0-35 g. Hb in 100 c.c. solution suffices to bring about 
the rapid absorption of an amount of CQ, which must largely exceed its 
own buffer capacities. The failure of the ten times smaller Hb concen- 
tration to accelerate the binding of the CO, may well be attributed to 
the extreme dilution. In our opinion these data support the hypothesis 

of a catalytic acceleration by hemoglobin of the hydration of carbon 
dioxide and can hardly be made to agree with the existence of the 
“‘carbhemoglobin” suggested by Henriques [1928, 1929, 1931]. In this 
connection attention may be drawn to the recent paper of Stadie and 
O’Brien [1931], who by means of experiments of a totally different 
kind came to the conclusion that “no carbhemoglobin exists in the 
blood but that all CO, is in the form of H,CO, or HCO,~.” 


SuMMARY. 


By applying an ultra-filter technique to the rapid reaction velocity 
methods it has been possible to measure the rate at which CO, and 0, 
enter and at which O, leaves the red blood corpuscle. 

Our results agree with those of Hartridge and Roughton in as 
much as the rate at which equilibrium is attained has been found to be 
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greatly diminished when the hemoglobin is contained in intact blood 

The results are given of some experiments with a technique previously 
described which show the influence of small amounts of hemoglobin 
on the rate of absorption of anhydrous CO, by phosphate buffer mixtures. 
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THE EFFECT OF DIATHERMY ON 
BLOOD VOLUME. 


By RUSTIN McINTOSH, MD. (New York). 


(From the Physiological Laboratory, Cambridge.) 


In the course of an investigation into the response of the circulating 
blood volume to various experimental procedures, it was somewhat | 
unexpectedly found that the passage of a high-frequency oscillating 
current through the body of a rabbit induced a fall of blood volume. 
The author, with Kajdi and Meeker [1930], had previously caused 
the blood volume of the rabbit to rise by elevating the animal’s tem- 
perature either by vaccine injection or by irradiation with infra red 
rays. Diathermy was applied in the present experiments as a means of 
raising the general body temperature; but it was presently found that 
the current lowered the blood volume regardless of whether the animal’s 
perature finally reached. 
Merson. | 
Full grown rabbits were used, anesthetized by subcutaneous injec- — 
tion of sodium luminal (1-2 c.c. 10 p.c. sol. per kg.). The total blood — 
volume was determined by the CO inhalation method of Douglas 
[1905-6], with the modifications previously used by the author!; the 
plasma cell ratio by the method of Went and Drinker [1929]. An 
interval of 3 days or more elapsed between determinations made on the 
same animal, to allow for complete elimination of CO. For diathermy 
a standard clinical apparatus was available; after the animals’ fur had 
been thoroughly wet with salt solution in physiological concentration 
over the lumbar and anterior thoracic regions, moulded zinc plate elec- 
trodes, about 10 x 15cm., were applied and held in place by rubber 
belts. One of the first animals used received a third degree burn due to 
1 After preliminary control experiments the analysis of residual air for unabsorbed 
CO in the mask at the end of a blood volume determination was omitted, since it was 


found that no significant error was thereby introduced provided (a) the technique was 
uniform and (b) relative, not absolute, volume figures were 


4 
+ 
4 
u 
te 
- 
4 
oy 
a 
. 


362 MoINTOSH. 


incomplete saturation of the pelt with salt solution; the rest showed no 
local effects. The diathermy current was kept at a level of 200 to 350 mA. 
(constant in each experiment) for about an hour, during which the rectal 
temperature was recorded. The blood volume was determined with the 
current on, and an average period of 12min. allowed for breathing the 
CO. In two cases the control speenmeponaee were repeated a few days 
after diathermy. 

The error of the blood nobis slid is believed to be close to 


5 p.c. This is based on repeated control determinations made on adult— _ 


i.e. not growing—healthy rabbits not subjected to large losses of blood 
or other experimental variables. If, as we believe is the case under 
these conditions, the total blood volume remains fairly constant in the 
individual animal, then it is conservative to put the error of the method 
at 5 p.c. The error in the determination of the plasma volume is greater, 
since it involves the product of two experimentally determined func- 
tions—the blood volume and the cell/plasma ratio—and is probably 
between 5 and 10 p.c. That of the cell volume is larger still. 
A typical protocol follows: 


_ 24 April 1931; Control determination. 


 10.404.m. Rectal temperature at beginning of experiment 38-0° C. 
11,25 a.m. of experiment 96-0° C. 

Hematocrit: cell volume =31-2 p.c. 
Blood volume =120-5 ¢.c., or 67:8 c.0./kg. 
Plasma volume = 83 c.c., or 46-7:¢.c./kg. 


29 April 1981: Diathermy experiment. 
9,55 at. 10 p.c. ters 1765 g.). 


12.42 ,, Rectal temperature 34-3° 
12.49 ,, Blood collection begun 34-3° C. Pg 
12.52 ,, Blood collection finished. 
Hematocrit: cell volume=35-lp.c. 
Blood volume =92-5 
Plasma volume =60-0 ¢,c, =34-0 0.0. /kg. 
Cell volume =32:5 ¢.0.=18:4 c.c./kg. 


11.29 ,, 36-1°C. Diathermy current, ,,_ ,, 
11.49 ,, 35-6° C. 
12.09 P.M, 9 35-4° C. ” 200 ” 
12.29 ,, . 35-1° C, 
12.33 ,, CO begun. 
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6 May 1931: Control determination. 


11.55 a.m, Reotal temperature at beginning of experiment 38-2° C. 
12.35 p.m. Rectal temperature at end of experiment 36-6° C. 
Hematocrit: cell volume =32-6 p.c. 

Blood volume = 120 o.c., or 64:3 0.0. /kg. 

Plasma volame=81 or 43-4 /kg. 

Cell volume =39 ¢,0., or 20-9 0.¢./kg. 


The results of all the experiments are presented in Table I. In some 
of the control determinations the rabbit’s rectal temperature fell as the 


Taste I. 
Exp. No... 1 2 3 4 5 
0.0, 0.0, 0.0, 0.0, 
Blood volume Control I 136 120-5 120 120 124 
Dia 123* 92-5 103-5 . 104-5§ 111} 
Control — 120 118 
Control 8l — 
Cell volume Control I 445 . 37:5 56 
Diatherm 45-5* 32-5t 59|| 
Control — 39 47 
300 mA, : 37-7° C. 
200 ” ” falling > 34°5° 
350 ,, ” i ” ” rising —> 39-0° 
300 ” l ” falling 34:1° 
300 ,, 50 min. rising 39-3° C, 


result of the anmwsthetic; in others it was kept at a normal level by © 
diminishing heat loss. Diathermy affected the body temperature in some 
rabbits more than in others; the temperatures at the end of diathermy 
application ranged from 34-1 to 39-4°C, Exps. 2, 3 and 4 were per- 
formed on the same animal. 
In Table II, to compare the individual experiments of the series with 
each other, the first control value for blood, plasma or cell volume for 
each animal has been taken as the standard or 100 p.c. value, and 


IT. 
Exp.No .. 1 2 3 + 5 standard 
| 
Blood volume Control I 100 «=6—.100-—s—(id100's—idti—‘éi2—sé*2OD 
3 Diatherm 90 
Plasma volume ControlI 100 100 100 100 100 100 
84 72 83 74 77 
Cell volume Control I 100 100 
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subsequent levels expressed as percentages of this standard. This shows 
that in each case both the blood volume and plasma volume were lowered 
in the diathermy experiments well beyond the limits of error of the 
method. The average depression of blood volume was 14 p.c., of the 
plasma volume 22 p.c., and the degree of scattering, expressed in the 
standard deviation, is perhaps surprisingly small in view of the varia- 
tion in intensity of diathermy applied. From the fact that the plasma 
volume changes were relatively greater than those of blood volume, it 
is permissible to infer that the cell volume changes were comparatively 
unimportant. In other words, the effect of diathermy is to withdraw 
plasma from active circulation. This effect is independent of the heating 
effect. of the current used, as judged by the behaviour of the rectal 
temperature (see footnotes to Table I), of the duration of application of 
the current (between the limits of 50 and 75 min.) and of the strength 
of current used (between the limits of 200 and 350 mA.). No attempt 
_ was made to learn whether the site of application of diathermy was 
important. The mechanism by which diathermy produces these effects 
is not clear; during the passage of the current the visible vessels in the | 
ears were deeply engorged and quite red, indicating an active peripheral 
circulation, These signs subsided when the current was turned off and 
before the animal recovered from the effects of the anesthetic. 


| CoNCLUSIONS. 

The passage of a high-frequency alternating current of 200-350 mA. 
through a rabbit for about an hour causes a reduction of the amount of 
blood and plasma in active circulation. This result is independent of the 
heating effect of the current exerted on the body as a whole. 


I wish to express my sincere thanks to Prof. Barcroft, through 
whose courtesy this investigation was made possible. 
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THE TOLERANCE OF NORMAL RABBITS TO 
INTRAVENOUS INJECTION OF GLUCOSE. — 


By JEAN ORR-EWING. 
(From the Sir William Dunn School of Pathology, Oxford.) 


Tu tolerance of normal rabbits to glucose administered subcutaneously 
or by mouth has been investigated by Eadie [1922], Scott and Ford 
[1922] and Titso [1926]. So far as I am aware, no data have been 
published showing the distribution in the tolerance curves obtained 
from a series of animals when glucose is given intravenously. This method 
has been found useful in the study of certain conditions of abnormal 
tolerance. It is, in some respects, preferable to those previously studied : 
the normal curve is of shorter and much less variable duration, and the 
unknown factor due to variation in the rate of absorption of the glucose 
administered is eliminated. The absorption rate is likely to vary very 
greatly in diseased conditions, and is known to do so under the action 
of various drugs, ¢.g. ergotamine [Lawrence, 1930], which may be used 
in investigations on the mechanism of carbohydrate metabolism. _ 


MeETHOD. 


The glucose used was B.D.H. ‘“‘A.R.” dextrose. The dilution adopted 
for the routine test was 11-0 p.c. This may, however, be widely varied 
without affecting the curve obtained. The solution was freshly made up 
and sterilized for 10 min. in the autoclave at 110°C. on the day before 
each experiment. The solution is a mixture of « and 8 glucose. Allott 
[1928] has shown that the two forms are metabolized at the same rate. 

The animals used were healthy rabbits bred in this department. 
Animals obtained from unknown sources are unsatisfactory for this kind 
of work owing to the prevalence of various infective conditions which 
may not be apparent except at post-mortem, and which are liable to 
affect the tolerance to glucose. The rabbits were starved for 12 to 16 hours 
before the test. Blood specimens for sugar estimation were drawn from 
the marginal ear vein before the glucose was given, and at 15, 30, 45 min.., 
1 and 2 hours from the start of the injection. The glucose solution was 
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injected slowly into the corresponding vein of the osealie ear, the 
administration being spread over a period of 1-5 min. The apparatus 
described by Burn and Dale [1924] was used for making the injections 
in about half the number of animals, the solution being delivered from 
a burette under a small constant pressure. A syringe was used for the 
remainder, The results obtained by the two methods of injection did 
not differ materially and they have not been separately treated. 

The routine dosage adopted, after trial, was 1-0 gm. glucose per 
100 c.c. blood volume as calculated by the formula of Dreyer and 


Ray [1911 
ay Blood volume in c.c. = 


The experimental justification for adopting this basis of dosage is dis- 


cussed below. No glycosuria followed this dose. 

Blood sugar was estimated by the earlier method of Hagedorn and 
Jensen [1923], using Zn(OH), for protein precipitation. aati speci- 
mens were taken and estimated in duplicate. 


EXPERIMENTAL. 


(1) Basis of dosage. 


It is @ common practice to adjust the dose in direct proportion to 


the weight of the animal. Dreyer and Ainley Walker [1914] have, 
however, shown that diphtheria toxin, arsenic, and various other drugs 
- and toxins give a more uniform action, in animals of different weight, 
if the dose be administered in proportion to W°'”, that is, in relation 
to the body surface. It was concluded that the action of drugs and 
toxins is proportional’to their concentration in the blood which had 
previously been shown to be a function of the body surface [Dreyer 
and Ray, 1911). It was determined to test this point directly in order 
to ascertain the correct basis of dosage in the present case. 

Twenty-one animals of widely different weights were taken. Each 
animal was tested twice: (a) with a dose calculated in proportion to the 
weight (0-5 gm. glucose per kg.), (b) with a dose, called for convenience 
the “surface dose,” calculated in proportion to W°?, The animals were 
taken in pairs of approximately equal weight, On the first day of ex- 
periment one of each pair received the surface dose and the other the 
weight dose. About a week later the experiment was repeated with 
the dose basis reversed. 

The results are summarized in Table I (a) and (b), which shows the 
average blood-sugar concentration, in excess of the initial, found 15 and 
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30 min. from the start of the injection when the dose was given in pro- 
portion to weight and to surface respectively. The animals have been 
divided, according to weight, into three groups in each of which the . 


I, 
Average dose (D) expressed 
‘Range of Weight Surface initia 
No.of No.of weight jp = p=Dose(mg.) 
animals tests gy g-) © 15min. 30 min. 
(a) Constant dose in relation to weight. 
9 12 3430-2700 4-985 4-805 95-4 40-1 
4 4 1957-1715 5-005 4-142 80:5 28-8 
1190- 967 5-031 3-583 73-9 19-8 
‘ (6) Constant dose in relation to surface. ‘ 
9 12 3635-2673 4-474 4-244 —- 906 36-8 
4 4 1900-1524 5-275 4-248 75-0 30:8 
oe 8 1120- 917 6-062 4-270 86-0 37-4 


The table makes clear the following points: (1) When the dose bore 


 .& fixed relation to weight, the average blood-sugar concentrations in 
the three weight groups were not constant, but showed a progressive 


fall as the weight of the animals became smaller. The observed blood- 
sugar concentrations can, however, be correlated with the dose if this 
be expressed in terms of surface. (2) When, on the other hand, a con- 
stant dose relative to surface was given, the average concentration varied 
less widely, showed no progressive change, and was in no way correlated 
with the changing weight dose. 

When the average blood-sugar readings are plotted against the surface 
dose (i.e. against the dose per unit W®'"*) they fall very nearly upon a 
straight line. There is therefore evidence for a direct proportionality 
between the surface dose and the blood-sugar concentration. Hence, 
oe Blood-sugar concentration : Dose per unit W°” 
may be expected, within the range observed, to be constant for any 
given time of observation during the period of raised blood sugar. If, 
on the other hand, the ConpeReratsd be proportional to the weight 
dose, the ratio 


Blood-sugar concentration : Dose per unit weight 


should be constant. The two ratios have been applied to every test — 
hitherto carried out: a total of 63 tests on 34 rabbits. The results are 


3 < summarized in Table II. The animals have been divided, according to 
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II. 
K surface Standard Kk Standard 
Number of calculation deviation 
(mean) of mean (mean) of mean 


A 


verage Surface W 
Group _ weight rig Total 15min. 30min. 15min. 80min. 15min. 30min. 15min. 30m 


Hea 3160 ore 9 20 2000 803 «1-61 140 1924 770 1461 
Medium 2240 14 6 20 2000 831 O92 O81 1724 T12 082 
Light 1210 14 9 23 2001 708 096 118 484 S11 068 


Blood in mg. 100 c.c, (excess over initial) 
K surface calculation 
: in mg. per 100 c.c. (excess over initial) | 
K weight calculation sugst x10, 


weight, into three groups differing from one another a about lkg. It 
is evident that the average ratio, calculated in relation to W°?, remains 

' constant in the three weight groups, the differences being small, and in 
no case significant. When calculated in relation to weight, on the other 
hand, the differences are considerably greater, and at 15 min. are 
formally significant. The results therefore demonstrate that doses of 
glucose administered in a fixed relation to W°” are equivalent, — 
those administered in fixed relation to weight are not. 


(2) The average sugar tolerance ¢ curve. 
The average values in the curve obtained on intravenous injection 


of the standard dose of glucose, and the dispersion about the mean 
values, are shown in Table ITI. 


Tasix ITT. Glucose tolerance test. Intravenous injection. 
_ Average dose =4-262 mg. glucose per unit W%"? 
-=1-010 g. glucose per 1000.0, blood volume 
Blood sugar (mg. per 100 c.c.) 


Initial 3min. 15min. 30min. 45min. lhr. 2hr. 3hr. 


Average 283. 203 153 128 117. 
Standard deviation 87 37:2 21:3 19-4 12-0 81 6-8 6-3 


Standarderrorofmean 1-08 15-4 341 3-16 200 1356 2113 1-03 
No. of observations 68 6 §=.: 39 37 36 36 36 37 
‘The 3 min. readings were discontinued in the routine test; since the 
changes occurring at that time were evidently too rapid to allow 
reasonably accurate observations to be made. 


If the above group be divided into sub-groups according to weight, 


it is found that, while the averages agree well, the standard deviations 
calculated for the heaviest sub-group (animals of 3 kg. and over) are, 
during the first half-hour, from 1} times to twice as large as those of, 


3 
ia “te 
ty 
& 
i 
tt 
~ 
4 
of 
ER 
4 
33 
2 
me 
Pe 
a 
a 
vie 
vw 
a 
by 
a 
a 
x 
“4 


GLUCOSE TOLERANCE. | 369 


any other sub-group. Such animals are therefore not suitable for use 
when comparatively small Gifferences 7 in tolerance are under investiga- 
tion. 

The response of the same animal to repeated injections is usually 
very consistent, but in this respect also members ne group are 
less reliable than the lighter animals. 


Disovusston. 
Two points of some interest arise in connection with the curves. 
1, A hypoglycemia occurred regularly, following the rise in blood 
sugar. This is absent when the glucose is given subcutaneously [Eadie, 


. 1922; Titso, 1926], though it occurs after administration by mouth. 


Titso has suggested, for this reason, that the occurrence of the hypo- 
glycwmia is dependent upon absorption from the alimentary tract. This 
is evidently not the case. | 

2. The glucose injected disappears very rapidly from the blood during 


the first 3 min. following intravenous injection: about 83 p.c. of the 


sugar administered leaves the blood during this period, the remainder 
requiring about 45 min. for removal. Experiments of Burn and Dale 
[1924] show that the greater part of this rapidly disappearing fraction 
is to be found in a free state in the surrounding tissue fluids, the volume 
of which is much greater than that of the blood. The glucose, in fact, 
on injection into the blood, is rapidly spread over a volume, known as 
the active volume of the body fluids, of which the blood forms but a 
part, and of which the dimensions are not known. The experiments here 
reported demonstrate that the concentration of glucose remaining in 
the blood is proportional to the dose in relation to surface. If it may 
be assumed that the injected glucose is uniformly spread over the whole 
active volume, it follows that this volume is, like that of the blood, a 
function of the surface area. It is, however, doubtful if this assumption 
is legitimate without confirmation by direct experiment, since it has 
been shown by Best, Dale, Hoet and Marks [1926] that the sugar 
concentration in the blood and tissue fluids may vary independently. 
It has therefore not been thought desirable to draw definite conclusions 
as to the physical interpretation to be placed upon the experiments 
here reported. 


SUMMARY. 
Average values obtained in 37 sugar tolerance tests following intra- 
venous injection of glucose in rabbits are given in Table III together 
with the dispersion about the mean values. 
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Consistent tolerance tests are obtained, in animals of widely different 
weight, only if the dose is adjusted in proportion to the body surface. 


This observation is a special case of the general conclusion reached by | 


Dreyer and Ainley Walker [1914]. 


This work was carried out during tenure of the Schorstein Research 
Fellowship in Medical Science. 


I wish to express my thanks to Prof. G. Dreyer to whom I am 
greatly indebted for help and encouragement throughout, more especially 
in the mathematical treatment of the results, and to Mr Jesse Wheal for 
his skilled assistance and care of the animals, 
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: THE ELIMINATION OF UREA BY THE | 
MAMMALIAN KIDNEY. 


By J. 8. DUNN, W. W. KAY ann H. L. SHEEHAN. 
(From the Department of Pathology, University of Manchester.) 


INTRODUCTION. 


_ Tax results of investigations into the extraction of certain dyes from 


the blood stream by the mammalian kidney have made it appear de- 
sirable to carry out similar investigations into the elimination of physio- 
logical substances by the kidney. Of these, urea has been selected as 
being one of the most important normal constituents of the urine and, 
at the same time, capable of being estimated in both blood and urine 
with sufficient accuracy for the purposes required. The object of this 
work is to establish the renal extraction ratio for urea, 7.¢. the percentage 
of the urea in the blood extracted during passage of the blood through 
the kidney. The essential significance of the renal extraction ratio of 
any substance is that it gives an index of the minimum amount of 
filtration necessary for the excretion of the substance according to the 
Cushny hypothesis. 
Addis and Shevky [1917] compared the urea content of the renal 
vein blood with that of arterial blood in rabbits; their figures indicate a 
renal extraction ratio for urea varying from — 1 to 23 p.c. in the absence 
of excessive operative interference. The great majority of their experi- 
ments were performed on animals with artificially raised blood ureas: in 
only three cases was the blood urea below 53 mg. per 100 c.c, The present 
investigations have been conducted to establish the normal renal ex- 
traction ratio for urea in rabbits which have not been given additio 
urea. 
Since completing the work here reported a note has appeared sum- 


3 marizing work by van Slyke, Rhoads and Hiller([1931] apparently 
working on somewhat similar lines, but no details are yet available. 


We have previously attempted to estimate the difference between 


7 the urea content of renal vein blood and that of arterial blood, but 
_ iailed to obtain satisfactory results owing to imperfections in the 
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technique of the estimation. The results obtained, while not showing 
gross discrepancies, were not sufficiently accurate to permit of satis- 
factory deductions as regards the renal extraction ratio. Such deductions 
have only been made possible as the result of improvements of the method 
of blood urea determination by attention to a large number of details 
each of which was liable to cause small error. | | 


‘EXPERIMENTAL METHODS. 
Chemical. 

The blood urea was estimated in the present experiments by a 
modified Marshall’s urease method, in which inaccuracies due to volu- 
metric measurements were reduced to the limits of + 0:1 mg. of urea 
per 100 c.c. of blood when 2 ¢.c. of blood was used for an estimation, 
and of + 0-2 mg. per 100 c.c. when 1 c.c. was used. By systematic 
double checking, titrimetric error was reduced to a similar magnitude, 
and the personal factor eliminated. Duplicate estimations on 2 c.c. or 
1 c.c. of each sample of blood were made. The results in the pairs fre- 
quently showed differences smaller than the limits of measuremental 
error, and all such are regarded as being of equal accuracy; %.e. pairs 
showing minor differences within the limits named are considered to be 
of the same significance as those showing perfect agreement. In other 
pairs where for various reasons the differences are greater than the 
measuremental limits, these differences are not so great as to upset the 
general tenor of the results. All the figures obtained in the whole series 
of experiments are included in Table I in order to show the range of 
discrepancy between pairs. | | 

In any experiment the four urea determinations were carried out 
simultaneously under identical conditions by a standardized technique; 
the results are therefore capable of absolute comparison among them- 
selves. The question of the absolute accuracy of any single determination 
will be dealt with in a later paper in which it is proposed to describe 
in detail the method employed. It is possible by the method to detect 
definitely and with sufficient accuracy differences in blood urea content 
of the magnitudes of those found. 

In taking the blood samples, the syringes contained a measured 
amount of oxalate solution to prevent clotting, and a correction was 
made for this. 

The increase in blood ammonia content usually from 0-05 to 0-08 mg. 
of ammonia nitrogen per 100 c.c. of blood in the rabbit [many workers, 
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e.g. Wassermeyer, 1929] during the passage of blood through the 
kidney, is so small as to be negligible and does not affect the method or’ 
the significance of the results. The differences in urea nitrogen detected 
(of the order of 1 mg. per 100 c.c. of blood) are about twenty times the 
normal blood ammonia nitrogen of the rabbit. 


Operative. 

The operation was designed to obtain with the minimum disturb- 
ance to the kidney and to the rabbit 4 c.c. of renal vein blood and 4 c.c. 
permit of paired of ares 
content. 

Rabbits weighing in most cases between 1-5 and 2-0 kg. were used; 
they had been under observation on a standard diet of oats, cabbage 
and water for some days in urine cages, and showed no urinary abnor- 
malities. They were anesthetized by an intravenous injection of 10 c.c. _ 
per kg. of 20 p.c. solution of urethane in physiological saline at a rate of 
2 ¢.c, per minute; the operation was begun from 5 to 30 min. after the 


- end of the injection of the anesthetic. 


A 10 c.c. Record syringe, fitted with an angled 50 x 1-2 mm. hypo- 
dermic needle and adapted for mouth suction, was employed. It contained 
0-10 c.c. of saturated solution of potassium oxalate to prevent clotting. 
The abdomen of the rabbit was opened by a mid-line incision; the in- 
testines were then gently displaced to the right, and the hypodermic 
needle inserted into the left renal vein towards the kidney. At the same 
moment the tip of the left index finger was placed on the vein just behind 
the point of puncture and pressed lightly to occlude the vein and prevent 
backflow from the inferior vena cava or from the diaphragmatic or 
suprarenal veins. Care was taken to avoid any pressure on the artery. 
The kidney itself was not touched, nor was any traction made on the 
renal pedicle, As the needle was inserted aspiration of the venous blood 
from the kidney was begun; this was continued until between 4 and 5 c.c. 
of blood were obtained. The sample of heart blood was then collected by 
a similar syringe, but with a straight needle which was passed through 
the thoracic wall into the heart. Since it is sometimes rather difficult 
to obtain blood promptly from the heart it was found advisable for 
two operators to needle the heart pemctecmantens be the pier to draw blood 
completing the aspiration. . 

The experimental technique is somewhat similar to that employed 
by Dunn, Dible, Jones and McSwiney [1925]and bySheehan([1931]. 
In the latter paper a rather more prolonged operation was described, 
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involving the passage of a ligature through the renal pedicle and the 
collection of volumes of blood which were often two or three times as 
large as those in the present experiments. The only evidence of any 
interference with renal function found by Sheehan was that the renal 


circulation rate of the operated kidney sometimes slowed down towards — 


the end of the aspiration, and was in many cases only about 50 to 75 p.c. 
of that of the other kidney as judged by the relative amounts of dye 
deposited in the two kidneys. In the present experiments the inter- 
ference with the renal pedicle was reduced to a minimum, the volume of 
blood collected was small, and the time from opening the abdomen to 
the end of the renal vein aspiration was usually under 40 sec. As a 
result, the renal circulation rates have been rather higher than those 
previously obtained and slight slowing down of the blood flow was 
observed only four times. It thus appears that the present technique 
more nearly approaches a complete avoidance of reflex vasomotor dis- 
turbance in the operated kidney. 3 


The times of every step were recorded accurately to single seconds 
and the mean times may be summarized here. 


in sec, 
First abdominal incision to needling renal vein 14 
Duration of renal vein aspiration 
End of renal vein aspiration to needling heart 14 
Duration of heart aspiration 


The heart blood was always collected after the renal vein aspiration ; 
preliminary experiments showed an almost immediate arrest of renal 
blood flow if the heart was needled during the collection of the venous 
sample. There does not, however, appear to be any alteration of the general 
blood urea during the experiment; in a few experiments successive 

samples of heart blood obtained within 30 sec. of each other had the 
same urea content. The kidneys or liver were not touched before the end 
of the heart aspiration in order to avoid the possibility of expressing urea 
from these organs into the blood stream. The urea content of the heart 
blood may thus be taken as that of the renal artery blood during the 
period of the collection of renal vein blood. 
It might perhaps be anticipated that, however slow the injection, 
so large a quantity of urethane-saline solution as 10 c.c. per kg. would 
produce a gross effect on the renal function. It appears, however, that 
the effect is not such as to interfere seriously with the excretion of urea 
or to raise the level of the blood urea. When an animal micturates just 
before the administration of the urethane, examination of the bladder 
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urine about half an hour later shows that there has been a diuresis, and 


that although the percentage of urea in the urine is low, the output of 


urea per minute is not diminished (see also Landis, 1927 and Hébe x, 
1927). In certain animals attempts have been made to estimate ac- 
cutately the rate of excretion of urea during the period of anesthesia: 
the urine was expressed from the bladder at intervals during this period 
and the amount of urea excreted per minute was thus determined. These 
observations substantiated essentially the conclusion stated above, but 
it was found that such manipulation, however gently carried out, 
appeared to interfere seriously with the function of the kidneys and in 


the subsequent operation the renal extraction ratios were abnormally 


low. For this reason any such pre-operative interference with the animal 
was avoided in all subsequent experiments in order not to prejudice the 
main line of investigation. 

The study of Bernheim [1926] on the excretion of phenol red in 
dogs with and without urethane anesthesia, and the recently published 
investigation by Sheehan [1931] of the deposition of dyes in the kidney 
of rabbits both with and without urethane indicate that this anesthetic 
produces no significant disturbance of these aspects of renal function. 
This conclusion can be extended to the excretion of urea since the results 
now presented manifest a close correspondence between the renal ex- 
traction ratios found by experiment and those determined from a 
previous quantitative examination of the urine. It is quite evident that 
the excretion of urea was proceeding normally during the operation in 
nearly all the present experiments. No correlation can be established 
between the renal extraction ratios found and the time elapsing between 
the administration of the anesthetic and the operation. 


EXPERIMENTAL RESULTS. 


In Table I are given the results of all the blood urea estimations. 


The differences between the two figures for the same sample of blood are 


as follows: mg. per 100.c.c. | Number of pairs 


0 13 
0-1 3 
0-2 10 
0-3 4 
0-4 6 
0°5 3 
0-6 7 
0-7 1 
0-9 1 
1-2 1 
13 1 
1-6 2 
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The average difference is 0-36. It will be seen therefore that in thirty 
pairs the difference is less than this amount and in only five is it more 
than twice; these five are marked by an asterisk in the table. 


I. 
. urea per 100 c.c. blood 
sie Urea ex- Renal ex- 

Heart sample Renal vein sample _ traction traction 
Rabbit I Men iI Won pe 
Al 21 296 293 264 256 265 3-8 13 
A2 40-1 39838 354 354 36-4 11 
A3 16-2 16-2 16-2 140 15:2 14-6* 16 10 
A4 226 226 226 24 24 20-4 2-2 10 
16:8 17-0 16-9 15-4 15:7 15-5 1-4 9 
A6 21 285 283 256 256 256 2:7 9 
AT 302 318 281 286 283 2:7 9 
A8 312 31-2 312 28-1 28-7 28-4 2-8 9 
AQ 331 33-4 304 310 2-7 8 

A10 16-3 16-5 16-4 14-7 16-0 15-3* 1-1 ‘fea 
All 2063 267 065 2247 268489 28 1-7 7 
Al2 28 274 266% 26 20 248 1-8 7 
336 338 33-7 311 31-4 31:2 2-5 7 
Al4 378 387 38:2* 355 356 35:5 2-7 
A 15 47-7 476 443 443 44:3 3-3 7 
Alé6é 304 304 304 282 288 285 1-9 6 
All] 362 367 364 342 33 £342 2-2 6 
Als 390 394 392 367 36:7 367 2-5 6 
Bl 25:9 26-1 26-0 250 254 25:2 0-8 3 
B2 313 315 314 j39004 306 305 0-9 3 
BS 226 226 226 #219 #226 £222 0-4 2 
B4 26 266 26 259 265 262 0-4 2 
B56 456 456 456 444 446 445 2 
B6 27:7 274 260 273 271 0-3 1 

BT 192 19-5 193 19-1 19-4 19-2 0-1 0-5 
BS 21 23 232 236 2238 237 4-065 -2 


The results fall naturally into two distinct, well-separated groups: 
those in which the renal extraction ratio is 6 or over and those in which 
it is 3 or less, Even in cases where the discrepancy between paired 
estimations is large the extreme possible limits of the renal extraction 
ratio do not bring an animal out of its series. 3 


The A series of animals includes all those in which a renal extraction 


ratio of 6 or over was found. In this series the experimental technique 


and the chemical estimations, except in those five starred, satisfy the 


most exacting review. 

The B series includes the animals with renal extraction ratios of 3 
or less. In four of these, B 1, B5, B6 and B8, the kidneys may not have 
been acting normally, as these were the only animals in which the bladders 
were “squeezed out” prior to operation and, as previously stated, there 


appears to have been a resultant interference with renal function. No 
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’ gertain explanation can be offered for the low level of the other four 


renal extraction ratios, but it may simply be that during the period of 
observation the renal function was not being carried on at the usual rate. 
The series may therefore be excluded from the subsequent discussion. 
It is of interest here to adduce the fact that Addis and Shevky [1917] 
noted a similar disturbance of urea elimination as a result of bilateral 
interference with the kidneys. 


Discussion. 
Some consideration is required of the question of how far the renal 


_ extraction ratios found in these experiments represent those which obtain 
_ in the normal animal without any operative interference. The collection 


of a single sample of renal vein blood during a period of under 30 sec. 
can only give information about the renal function at that particular 
time, It does not appear that the kidneys act at a constant or steady 
rate. The renal circulation rate is clearly a very variable figure, and the 
present experiments indicate that the renal extraction ratio for urea is 
also open to fairly wide fluctuations. 

In any one animal, therefore, the mere comparison of the experi-— 
mental results, which represent the level of renal function during the 
period of experiment only, with the average excretion for the previous 
few days does not give a fair estimate of the value of the results. But 
the use of a large number of animals each taken by chance and without 
reference to its state of renal function at the moment balances the 
variable factors and gives in the number of the results obtained an 
average view of the renal function of those animals, for comparison with 
the average excretion of urea by the same animals. Any disparity 
between these two amounts would indicate that the general levels of 
the renal extraction ratios for urea and of the renal circulation rates 
found by the experiments were not those obtaining in the normal 
animal. 

In Table II is given the amount of urea extant per minute from 
the blood by the left kidney during the experiment; this is calculated 


- from the measured renal blood flow and the measured reduction of the 


urea content of the blood during its passage through the kidney. For 


_ the purpose of comparison the average amount of urea excreted per 
Minute by the animal during the previous few days has been halved in 


order to arrive at the urea output of the single kidney. 
The amounts of urea removed from the blood by the kidneys of the 
animals of series B are exceedingly low, except in one case (B5) where 
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II, 
Left kidney Urine. 


Rabbit per min, mg. per min. 
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the animal had an exceptionally high renal blood flow. As stated | 
previously, however, the animals of series B are excluded from the main 
discussion. | 
Considering series A it will be seen that, although there is only a rough 
agreement between the urea extraction during the experiment and the 
previous urea excretion for any one animal, the figures are of the same 
order of magnitude. When, however, as pointed out above, the averages 
of the results are compared, the correspondence is as close as can be 
expected in experiments on living animals, 


mg. urea per min. 
Series A All 
only § experiments 
Mean extraction of urea from the blood 0:27 0-22. 

by left kidneys as found by experiment 
Mean excretion of urea in urine per kidney . 0-28 * O31 

by the same animals for eed days | 

prior to experiment 


The accordance between these two amounts is quite satisfactory in 4 
view of the number of potential variables, and suggests that the ranges .: 
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~~ 0-5 and 4-0 c.c. per g. per min., with an average of 1-9. This is in agree- 


' are not grossly different from those obtaining in the normal unanzsthe- 


_ kidneys was calculated to lie between 1-7 and 2-1 c.c. per g. per min. 


circulation rates. 


trated the following figures: 


q | plasma does not take place there, and the urea extracted by filtration 
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of the renal extraction ratios and circulation rates found in the A series 


tized animal. The operative technique employed may therefore be con- 
sidered to have produced in this series no gross disturbance of renal 
function. In the animals B2, B3, B4 and B7 the temporary reduction 
of activity of the kidney may have been quite spontaneous, but the 
possibility of reflex effects from the renal vein operation cannot be 
excluded. It appears, however, from the large proportion of satisfactory 
experiments, that such reflex effect is not a constant or even frequent 
feature of the operation. 

The renal circulation rates found in these experiments lie between 


ment with the range found previously by Sheehan [1931] in dye 
experiments, in which the mean circulation rate for the unoperated 


Tt was shown there that this is probably the mean renal circulation rate 
of the normal unanesthetized rabbit. There is thus no evidence that in 
the present experiments there was any interference with the normal 


There is a rough tendency to an inverse relationship between the 
renal circulation rate and the renal extraction ratio. This may be illus- 


Rabbits extraction ratio circulation rate 
AltoA6 1-6 
A7tAl2 8-0 1-9 

Al13toA18 6-5 2-3 


There is also some indication of an inverse relationship between the 
height of the blood urea and the renal extraction ratio. On both these 
points definite conclusions cannot be reached; neither can any clear 
telationship be found between the urinary findings and the extraction 
tatios. Blood pressure measurements were not made in any experiments, 
since it was desired to avoid all additional operative interference. 


SIGNIFICANCE OF THE RENAL EXTRACTION RATIOS FOUND. 

The renal extraction ratios found in series A lie between 6 and 13 p.c., 
with a mean of 8 p.c. In the blood, urea is about equally distributed 
between plasma and corpuscles. Simple filtration of plasma in the 
glomeruli, however much occurs, cannot alter the concentration of urea 
in the remaining plasma: hence diffusion of urea from corpuscles to 
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must be removed from the plasma alone. On a filtration theory of renal 


function, assuming no reabsorption of urea by the tubules, the extraction 
of 6 to 13 p.c. of the urea in the blood during its passage through the 
kidney will require the filtration of 6 to 13 p.c. of the whole blood 
entering the glomerular capillaries, i.e. the removal by filtration of 12 to 
26 p.c. of the fluid from the plasma. If any urea is reabsorbed into the 
blood stream from the tubules, or if any urea is formed in the kidney 
and passes into the blood stream, it follows that the urea found to be 
extracted by comparison of renal vein blood with arterial blood must 
represent the minimum amount filtered, so that the proportion of plasma 
fluid, 12 to 26 p.c., filtered through the glomeruli is necessarily a minimum. 
There is no inherent impossibility in the filtration of this amount and the 
Cushny hypothesis is thus capable of supplying a sufficient explanation 
for the figures found. 

On the other hand, from the studies of dye deposition in the kidneys, 
previously reported by one of us, it is clear that the tubule cells can take 
up certain substances directly from the plasma passing through the renal 
capillaries. Though these substances are not normal urinary constituents, 
there is no obvious justification for postulating that this mechanism 
plays no part in the excretion of urea. The renal extraction ratio is 
different for each substance examined up to the present; the low renal 
extraction ratio for urea would imply on a secretion hypothesis merely 
that the tubule cells have greater difficulty in absorbing urea from the 
_ blood than in absorbing dyes. The high diffusibility of urea may be a 
factor of importance in this connection. The renal extraction ratios found 
are therefore as satisfactorily explicable by the secretion vod as by 
filtration theory. 

SUMMARY. 


The renal extraction ratio for urea has been determined by experi- 
ments on normal rabbits which had not received additional urea, and 
lies between 6 and 13 p.c, In the experiments, the amounts of urea 
extracted per minute from the blood by the kidneys are in satisfactory 
agreement with the amounts of urea excreted per minute by the animals 

previously. The renal circulation rates found lie within the normal range 
of the unanzsthetized animal as determined by experiments with dyes. 
The renal extraction ratios found in these experiments may therefore 
be taken to represent the normal range for the unanesthetized rabbit. 
The figures obtained do not indicate with certainty me mechanism 
by which urea excretion is carried on. 
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ACTION OF NARCOTICS ON THE CONDUCTION OF 
NERVE IMPULSES FROM A SINGLE END-ORGAN. 


By CHIAO TSAI? (Shanghai). 
"(From the Physiological Laboratory, Cambridge.) 


Accorp1ne to the work of K at o [1924] and of Davis, Forbes, Bruns- 
wick and Hopkins [1926] the size of the action potential in the nerve 
is not altered by previous conduction across a narcotized segment, but 
Woronzow [1931] in a recent paper has criticized the researches of 
the latter authors and pointed out that they have failed to take into 
consideration the duration of action current in their calculation of 
potential magnitude. In his experiment Woronzow registered by 
means of a string galvanometer the action potentials from various 
points of the sciatic nerve of the frog following electric stimulation 
and compared their magnitude (the angle as well as the height of the 
deflection curve) at various stages of cocaine narcosis. He found that 
with single stimulation the reduction of size of electric response at a 
given stage, instead of being uniform at various points in the narcotized 
stretch, shows a descending gradient from the proximal region toward 
the distal within the narcotic chamber as well as a certain distance 
beyond it, and with tetanic stimulation the magnitude of the first few 
impulses suffers a graded reduction called by him as an “absteigende 
Treppe” phenomenon. The graded reduction may be followed by a 
regular conduction with or without decrement or by a complete failure 
of response, depending upon the frequency of stimulus and the depth of 
narcosis. Furthermore, this phenomenon was found to occur earlier in 
the distal regions than in the proximal. Because of the continual decre- 
ment extending into the non-narcotized distal region he opposed the 
view that there is a recovery in the size of impulse when it leaves the 
narcotized segment and explained his results according to the original 
“Parabiose” conception of Wedensky [1885]. | 

It should be recalled that in working with a large nerve trunk we are 
dealing with a bundle of fibres. As the size of the action current is in 


+ Fellow of the Rockefeller Foundation. 


yet 
| 468 
14 
wal 
By 

a 
3 
td 

7 

iets 

Ja 

| 
| 

| 
| 
4 | 
| 
4 
he 
“9 

= 

re Pat? 

= 

& 

Br 

5 
a 

Py 
0 
a 
AS 
4 
wy 
ee 
4 


IMPULSE CONDUCTION THROUGH END-ORGAN. 388 


ion to the number of active fibres [Watts, 1924; Davis and 
Brunswick, 1926], the diminution in potential magnitude at various 


| _ gtages of narcosis and at various points in the narcotized segment may 


be due to changes in the number of fibres in action as well as to changes 


; in the potentials produced by the individual active fibres. The first fact 


inevitably comes into play if there is a lack of uniformity of narcotic 
depression. Woronzow mentioned this possibility, but discarded it 


= because he thought that the solution of the narcotic he used was so weak 


(0-5 p.c. cocaine) that it could scarcely have caused a marked unevenness 
of depression. As we shall see later, local block in a single fibre may 
occur even with a much more dilute solution of the same narcotic. It 


s has been abundantly proved by Kato e¢ al. [1927] and Davis and Rice 
~ [1928] that local block occurs especially when cut branches and trau- 


matic injuries are present. The significance of this factor in relation to 
the possibility of obtaining graded responses is best expressed by Davis, 
Forbes, Brunswick and Hopkins [1926]. They stated: “If the 
particular point at which block occurs is a chance factor, depending on 
the presence of some slight trauma to reinforce the narcotic or some 
fortuitous unevenness in narcotization, then we should expect to find a 
fair proportion of fibres conducting as lead 1 (proximal), a few to lead 2 
(middle) and still fewer to lead 3 (distal). The graded responses observed 
may thus be explained quite simply on the basis of number of fibres 


> active at each point.” On this ground it is also possible that if the 


number of active fibres conducting to the distal lead within the narcotic 
chamber is already very small and if more fibres have failed in the region © 
between this lead and the margin of the narcotized area, the potential 
magnitude may suffer a still greater decrease when recorded in a short 
distance beyond the narcotic chamber. In Woronzow’s experiment the 
lead on the nerve distal to the chamber was only about 5 mm. from it 


_ and really within the sphere of effect of outward diffusion of the narcotic. 


No matter how carefully we may guard against this source of error 
there always remain possibilities such as inherent differences in sus- 
ceptibility among different fibres to a given narcotic that are beyond 
our present means of control and hence make the interpretation of results 
extremely difficult when they are obtained by stimulating the whole 
nerve trunk. At the suggestion of Prof. E. D. Adrian the present 
investigation, using a single sensory fibre. preparation, was undertaken. 
It was aimed to study the general behaviour of a single fibre under 
narcosis rather than to settle the lively dispute between the upholders of 
the decremental and decrementless hypotheses. 
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METHOD OF EXPERIMENT. 


The single end-organ preparation was that of the middle toe muscle 
of the frog described by Matthews [1931]. In a number of the present 
experiments a considerable length of the nerve was required. In such 
cases the N. peroneus was carefully split from tibialis and other branches 
in the lower half of the sciatic trunk so as to obtain a long and relatively 
thin nerve throughout its entire length. | 

The muscle-nerve container was an ebonite trough consisting of four 
chambers separated from each other by movable slots. On the top of 
each slot there was a groove through which the nerve was made to pass 
from one compartment to the next. The groove was carefully sealed by 
vaseline after the nerve was set in place. Round holes at the bottom of 
each chamber were provided for admission of tubes containing electrodes 
or connecting with the ether bottle. They are closed by plasticine when 
not in use. The narcotic chamber was 20 x 23 x 18 mm. in size; in 
some experiments in which three leads were placed within it its length 
was extended to 30 mm. 

_ The muscle supported through the bone was fixed by a pin to a piece 
of cork in the muscle chamber filled with Ringer’s solution and the nerve 
passed through various chambers resting over the thread electrodes 
which were dipped into U tubes or held by kaolin paste in L tubes of 
Ringer fluid containing Ag-AgCl leads. The end-organ was stimulated 
by loading the muscle with a weight of 2-5 g. The weight for successive 
loadings in a given experiment was the same. It was attached to the 
tendon of the muscle by a silk thread passing over a light pulley. Loading 
in most cases was carried out by moving the weight on a lever with a 
dashpot arrangement. With this arrangement we can set up and record 
impulses in a single sensory fibre of the nerve. The frequency of the 
impulses will depend on the conditions of loading of the muscle, but as a 
rule there is a rapid initial rise to a maximum followed by a slow decline 
as the end-organ becomes adapted. Successive loadings by the same 
weight and speed give sensory discharges which differ very little from 
one another and the preparation usually remains in good condition for 
4-5 hours. The action potential was recorded by means of a standard 
Matthews oscillograph and valve amplifier. 

The narcotic agents used were 0-02-0-03 p.c. cocaine hydrochloride, 
3-4 p.c. ethyl alcohol in Ringer solution and ether vapour. Higher 
concentrations of cocaine and alcohol were sometimes required, parti- 
cularly if the nerve was comparatively thick. However, the above- 
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mentioned concentrations usually produced complete block in a course 
of 20-40 min. Ether was applied by passing the vapour into the covered 
- moist chamber through a bottom tube connecting with the ether bottle. 
L It escaped through the two holes admitting. the electrode tubes. The 
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Fig. 1. ee Sketch A represents leads 
from the distal non-narcotized segment, designated in the text as DD leads; B, a 
system of leads combining the potential changes from the narcotized and distal normal 
regions (WD leads); C, two systems of leads: the distal (DD) was employed alternatively 
with the proximal leads (PP) in the same experiment, PP leads serving as a control; 
D, leads from the narcotized segment (NN); E, a combining lead from the proximal 
normal region and the narcotized region (PN); F, three systems of leads (PN,, PN, 
and PN,) in each of which one lead was on the normal proximal region, while the 
other was at some point in the narcotized segment. M represents the muscle. Shaded 
area indicates the extent of the nerve narcotized. The length of the narcotized stretch, 
the distance between electrodes, etc., are indicated in each diagram. 


angsthetic container was further connected with a large aspirating 
bottle which was arranged to receive drops of water for the displacement 
of air within the system. In this way the air was thoroughly saturated 
with water vapour before ee the ether bottle and the amount of 
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ether-air mixture circulating through the chamber could be controlled 
as desired. The most favourable rate for our purpose was found to be 
round 100-200 c.c. per hour when the anzsthetic was put freshly into 
the bottle. 

To study the character of the impulse before passing into and after 
emerging from the narcotized stretch, as well as along it, various systems 
of leads were employed. For the sake of simplicity they are referred to 
as DD, PP, NN, ND, PN, PN,, PN, and PN, as indicated and explained 
in Fig. 1. It will be seen that with lead PN for instance the first phase 
of the response is due to the action potential in the unaffected proximal 
part of the nerve, and the second phase to that evoked by the same 
impulse when it has passed half-way through the narcotized region. 


RESULTS. 

Most of the experiments in the present investigation were carried 
out with cocaine, and the results to be described below were obtained 
with this unless special mention is made. | 

Magnitude of action potential. 
(1) Conduction along the distal non-narcotized segment. In view of the 


finding of W oronzow that the size of the electric response suffers most. 


decrement along the distal region beyond the depressed area it is inter- 
esting, first of all, to see whether the same would occur under the present 
experimental conditions, For this purpose DD leads were first employed. 
Records of propagated disturbances were taken both before and at 
varying intervals during narcosis and recovery. Contrary to the finding 
of Woronzow, the results from more than twenty experiments reveal 
that in no instance and at no stage up to the moment of nearly complete 
disappearance of all impulses is there any indication of reduction of 
potential magnitude. In Fig. 2 are shown typical records from one of 
many experiments with cocaine. The normal impulses appearing at each 
loading may vary slightly in size, owing probably to the slight variation 
in frequency of discharge. Nevertheless, when we compare the maximum 
and minimum sizes of the normal with those of the cocainized at periods 
of the same or similar frequency we fail to detect any marked difference 
between them. In this respect the results obtained from ether experi- 
ments agree completely with those of cocaine. 

With ND leads diphasic records were obtained in which the potential 
variations appearing in the narcotized and non-narcotized distal regions 
are simultaneously represented in the two phases of each response, the 
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first phase being derived from the former and the second from the latter. 
Examples of these records are shown in Fig. 3. It is seen that during 
narcosis and recovery the first phase (narcotic) may appear varying in 
height as we shall describe in detail later, but the second phase, if it 
occurs at all, is relatively constant in magnitude. In other words, as 
long as the impulse is able to traverse the entire narcotized stretch it 
always emerges into the normal region with the same size as before 
narcotization, thus confirming in this regard the results obtained by 
Kato and by Forbes and their colleagues quoted previously. 

(2) Propagation along the narcotized segment. It is to be remembered 
that in the present investigation the nerve is stimulated by the dis- 
charges from the end-organ, and thus at each loading of the muscle the 
narcotized stretch of the nerve is faced with a series of impulses with a 


frequency which rises to a maximum shortly after loading and then 


declines slowly as adaptation sets in (see the normal records of Figs. 2, 
3, 4 and 5), The fate of any given impulse may therefore depend on the 
position it occupies in the series, As we shall see later, the first impulse 
which is travelling in a fresh nerve will be but little affected, while those 
that occur when the discharge of the end-organ is at its height will suffer 
most change. 

For the purpose of this study the leads were placed at two points in 
the narcotized stretch as indicated in Fig. 1 D and designated as NN 
leads. In those experiments with non-volatile anesthetics the fluid in 
the narcotic chamber was sucked out immediately before and put back 


after each recording. The nerve was secured in place on each electrode 


by a loose loop of silk ligature. 

The results from NW lead experiments vary somewhat with different 
narcotics, and sometimes in different experiments using the same drug. 

The action of ether and alcohol seems to cause a progressive and 
uniform reduction of potential magnitude, but often no other alteration 
in the conduction. However, with rapid loading it was frequently found 
that the reduction in potential is greatest for the impulses occurring in 
the initial period when the frequency is at its maximum: these may 
suffer a considerable reduction before those at periods of low frequency 
are affected at all. Likewise, during recovery from the narcotic effect 
the latter attain their full size before the former. Typical records are 
presented in Fig. 4. It will be observed that, although the reduction of 
size is relatively uniform at a given stage, there appears to be a greater 
variation among those impulses at the initial loading. Thus, for instance, 
the variation may amount to as much as 80-100 p.o., while the normal 
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fluctuation never exceeds 30 p.c. Occasionally it was found that the 
first few impulses (5-8) suffer a progressive reduction similar to ; the 
“absteigende Treppe” phenomenon reported by Woronzow. This is 
especially striking in those experiments with cocaine to be described 
below. 

The results obtained from cocaine experiments showed a marked 
difference from those of ether and alcohol. The potential magnitude at 
any given stage, instead of being relatively uniform, varies considerably : 
some of the impulses are of full size, while others may be reduced to 
20-80 p.c. of the normal. In all the experiments using more dilute 
solutions this invariably occurs, especially at the early stages of narcosis 
and later stages of recovery. As narcosis progresses the number of 


Fig. 4. Typical records from NWN lead experiment with ether (31), showing a relatively 
uniform reduction of size of impulses. A, normal; B and C, 3 and 9 min. respectively 
after etherization. In each row 2, 4-5 sec. after 1. Small diagram on the top of the 
records signifies the leads. 


full-sized impulses beomes gradually reduced, and the smaller ones may 
disappear entirely. Thus with a thinner nerve and a more highly con- 
centrated solution of narcotic these stages of graded conduction may be 
so transient that they are easily missed in recordings. 

The graded response was also observed in experiments with PN and 
ND leads. Records obtained from them show that, while the normal 
phases (i.e. the action potentials in the normal fibre between the muscle 
and the chamber and that between the chamber and some point in the 
distal non-narcotized segment) remain practically constant, the narcotic 
phases suffer typical alterations as stated above and to be described in 
detail below. 


Careful examinations of all the records showing the presence of 
reduction in size of some of the impulses reveal three characteristic 
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features of response which occur regularly at three separate periods 
during each loading. | 

1. At the initial period of loading successive responses become 
smaller and smaller, a result evidently comparable to the “ absteigende 
Treppe” phenomenon observed by Woronzow with tetanic stimulation 


100} 480 
75+ it 60 § 
Poo 
ai 25 490 
0-5 1-0 


Time in sec. after loading 


Fig. 6. Graphs illustrating the extent of graded reduction at the initial period of loading. 
The dot and solid line curve represents the normal magnitude, fluctuating within 
about 15 p.c. It was plotted from the record taken shortly before the commencement 
of narcotization. The triangle-dash-dot curve was obtained from the record taken 
8-5 min. after narcotization. Note that the graded reduction occurs after four normal 
responses. The cross and dash curve, 6-5 min. later. Here the graded reduction 
begins with the first impulse. The circle and broken line curve shows the frequency of 
the impulses entering the narcotized region (46) (NN leads), 


on the nerve trunk. It usually involves from 5-10 impulses. The exact — 
time at which this phenomenon occurs varies with the depth of narcosis 
and speed of loading. With slow loading and under slight narcotization 
it is always found at the beginning of the period of high frequency dis- 
charge from the end-organ, but in a more advanced stage of narcosis it 
may start with the first impulse. For example, it was found in one 
experiment that at an early stage of narcosis the descending staircase 
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phenomenon began to appear only after twelve normal impulses, but 
4 min. later after only four impulses, and still later with the first impulse. 
Typical examples are shown in Figs. 3 and 5 and graphically in Fig. 6. 
2. The period of progressive reduction in size is usually followed 
either: by a period of varying length of complete failure of conduction 
succeeded by the irregular occurrence of full-sized and smaller impulses 
or by the latter alone without an interpolation of the former. Which of 


7 


the regular disappearance of the second phase (narcotic) for a brief period succeeded 
by a@ period during which all impulses become diphasic with varying height in the 
second phase, the largest one being followed by one or a series (2-4) of smaller ones. 
A, B, C and D continuous; E, 2 sec. later. 


these would happen is undoubtedly determined by the depth of narcosis 
and the frequency of discharge from the end-organ at that moment. 
The relative and absolute lengths of the periods of failure of propagation 
and irregular responses are again influenced by the same factors. 
Occasionally it was observed that the distribution of full-sized and 
smaller impulses at this period is not entirely in a haphazard fashion. 
Fig. 7 represents an example of this sort. The records were obtained with 
PN leads at an early stage of narcosis. In them the descending staircase 
phenomenon is not present. But after an initial regular sequence of 
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impulses, lasting about 0-3 sec., the narcotic phase (second phase, white 
and upstroke) appears only with every other normal phase. After 
0-25 sec. of this 2:1 block all the impulses become diphasic, but an 
impulse with a large second or narcotic phase is not followed by one of 
the same or similar size, but by a much smaller or a series of smaller 
ones. Although this kind of phenomenon is not frequently observed it 
shows beautifully how the conduction of an impulse can exert an effect 
upon that of the next one when the interval between the two is short 
enough to prevent full recovery of the nerve at that moment. 

3. The irregular response period may last throughout the loading, 
but if the narcosis is not sufficiently deep, the full-sized impulses usually 
become more and more as the frequency of discharge from the end-organ 
declines, and the smaller ones fewer and fewer until eventually the 
irregular responses are completely replaced by normal conduction, 
which, if present, will persist up to the end of the stimulation. 

Before attempting to advance explanations of these phenomena it is 
necessary for us to take into consideration the refractory period of the 
nerve, the frequency of the impulses and other conditions under narcosis. 
In subsequent sections we shall deal with each of them in detail. 


Refractory period. 
It has been shown by Davis, Pascual and Rice [1928] and 


Kato [1929] that the refractory period of the narcotized nerve undergoes - 


progressive prolongation. When the narcotized region begins not to 
conduct every impulse which is set up by the end-organ, we may calculate 
the refractory period of the narcotized nerve from the least interval 
between two impulses conducted with regular rhythm and normal 
magnitude at the period of highest frequency. Data obtained in this 


way show that the refractory period lengthens in proportion to the depth | 


of narcosis. An example of these is given in the accompanying table: 


An example of prolongation of refractory period during narcosis. 
| (Exp. 204; DD leads; cocaine.) 
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Gotch [1910], Forbes, Ray and Griffith [1923] and Gasser and 
Erlanger [1925], working with rapid electric stimulation on the nerve 
trunk, have shown that impulses travelling in an incompletely recovered 
nerve are conducted more slowly, and that the absolute magnitude of 
the second action potential is always smaller than the first, but the 
former increases in size gradually during its propagation. Gasser and 
Erlanger explained the gradual increase in size of the second impulse 
as due to greater potential developed in the individual fibres as the 
process emerges from the refractory nerve. Similar effects are also 
reported by Matthews [1931] in the discharge from the proprioceptive 
end-organ. In other words, with rapid discharge the subsequent impulses 
may travel more slowly and with smaller magnitude because they are 


' conducted by the incompletely recovered nerve. Taking this fact into 


consideration it is easy to explain the descending staircase phenomenon 
described in the preceding section. Owing to the lengthening of the 
refractory period of the narcotized nerve the second impulse of the 
series must have fallen within the refractory period after the first, the 
third within that after the second and so on. As each succeeding one | 
must, on theoretical grounds, approach nearer and nearer to the end of 
the absolute refractory phase left by its predecessor, it is evident that 
there will be a progressive reduction in the size of the impulses. 
Although it explains the descending staircase phenomenon plausibly 
the lengthening of the refractory state itself cannot account for the 
occurrence of a long period of complete failure of conduction and irregular 
response. If it operates alone, we should expect to find the series of 
graded reduction in size to recur at regular intervals throughout the 
entire period of high frequency discharge from the end-organ. But even 
with stimulation of a constant frequency as in W oronzow’s experiments 
this never happens. Therefore, there must be other factors that come 


into play. 
Frequency of impulses. | 

As stated previously, under the depression of ether and alcohol the 
frequency of the impulses which appear in the narcotized region is rarely 
less than that of the impulses in the proximal part of the nerve (see 
Fig. 4). But with cocaine narcosis there are characteristic differences as 
shown in Figs. 2, 3 and 5. No doubt some impulses must have been 
extinguished as they propagate along the narcotized stretch of the nerve, 
so that the frequency at a given point in the narcotized segment cannot 


_ be exactly the same as that in the distal segment. However, so far as 
~ the relative distribution of frequencies at different periods of each loading 
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is concerned the results obtained from all PN, NN and DD lead experi- 
ments are practically the same, For this reason we shall discuss them 
indiscriminately. 

In Figs. 8 and 9 are shown typical curves of distribution of frequencies 
during narcosis and recovery. Similar to the alteration of potential 
- magnitude each record of frequency, excepting that obtained from a very 


Fig. 8. Frequency of impulses during various stages of cocaine narcosis (39 B, NN leads). 
Dots and continuous line, normal; circles and dotted line, 4 min.; crosses and dash- 
dot line, 7-5 min.; and dots in circles and broken line, 13-5 min. after narcotization. 


late stage of narcosis, presents three characteristic periods. At the 
initial period, the actual duration of which varies with the speed of 
loading (see Fig. 10), the depth of narcosis (compare different curves in 
Figs. 8 and 9) and probably the duration of rest prior to loading, every 
impulse reaching the narcotized area is conducted through it. But as the 
frequency of discharge from the end-organ increases, the narcotized 
nerve usually fails completely to conduct or only succeeds in conducting 
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the very advanced stage of depression the phenomenon of graded re- 


' Fig. 9. Frequency of impulses during various stages of recovery from the narcotic (39 B, 


level until up.to the time when the end-organ discharges very slowly it 
i : coincides with the normal again. The period of irregular low frequency 
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an occasional impulse and, therefore, the curve at this point drops 
abruptly: as a rule, the deeper the narcosis and the faster the speed of 
loading the earlier the fall of frequency. 

It is also interesting to note that in nearly all cases excepting those in 


0 1°0 1°5 2°0 
Time in seo, after loading : 


WN leads). Dots and continuous line, normal; dots in circles and dash-dot line, 
3 min.; crosses and broken line, 6 min.; and circles and dotted line, 9 min, after 
replacing the cocaine by Ringer solution. 


duction occurs coincidently with this abrupt fall of frequency: it always 
appears just before and at the beginning of the drop, 

The frequency curve after a sudden drop fluctuates at the lower level 
for some time and then begins to rise and fall, tending toward a higher 
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corresponds to that: characterized by irregular response described in the 
early section. 


From the facts given above it is apparent that the alteration of 
frequency must be in part due to the prolongation of the refractory 
period as @ consequence of narcosis. When the discharge from the end- 
organ is sufficiently slow, as found in the very initial and later periods of 


: 
| 


Fig. 10. Frequency of impulses obtained by slow loading of the muscle (34, DD leads). 
Dots and continuous line, normal; crosses and broken line, 6 min. after recovery from 
the narcotic; circles and dotted line, 4 min.; and dots in circles and dash-dot line, 
9-5 min. after beginning of cocainization. Note that in the early stage of narcosis and — 
late stage of recovery the break in the rhythm does not occur until 1-2 sec. after the 


beginning of the discharge. 


loading, so that every impulse is set up at a time when the nerve fibre 
has recovered completely from the refractory state, none of the impulses 
fails to pass the affected area; and if the refractory phase is very stable, 
being not disturbed by other factors, we should expect to find the nerve 
to conduct rhythmically at a lower rate when the frequency of discharge 
from the end-organ is higher than the narcotized nerve can follow. We 
observe this to occur occasionally and only under light narcosis, during 
which the nerve is probably less susceptible to other disturbances (see 
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Fig. ae An example of 2: 1 block. The records were taken from a late stage of 
in a PN lead experiment (47). - B, C and D, continuous. The small diagrams 
the records indicate the regions of lead and their relation to the phases of each impulse. 
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Figs. 11 and 12). In most cases, however, the responses are irregular 
and non-rhythmic; the higher the frequency of the discharge from the 
end-organ the fewer impulses succeed in passing through the narcotized 
area, It must be assumed, therefore, that during intensive stimulation 
of the end-organ the bombardment of the narcotized region by the high 
frequency discharge causes an accumulative depression of function ex- 
pressed both by the smaller size and the lower frequency of impulse. As 
the frequency of the discharge declines, there will be some recovery from 
this depression, but the process will be relatively slow. 

The reduction of size of action current as a result of continued activity 
has been demonstrated by Sowton [1900] and Garten [1903] in fish, 
Tigerstedt [1912] and Gerard [1927 a, b] in amphibian, Levin [1927] 
in crustacean, and Gerard and Forbes [1928] in mammalian nerves. 
Levin has further shown that each single impulse leaves behind it a 
state of negativity, and this negativity accumulates if the stimuli fol- 
lowing each other are frequent enough, and takes a long time to wear off. 

_ Thus the greater the amount of the “retention” of negativity the greater 
is the reduction in size of the impulse. In other words, the reduction of 
the potential magnitude as a consequence of continued activity was 
thought to be due to the effect of depolarization. ™ 

- Field and Briicke [1926] have demonstrated that with continued 
stimulation for minutes the refractory period of the frog’s sciatic is 
greatly prolonged. A similar finding has also been reported by Forbes 
and Rice [1929]. According to the last two authors, when the nerve is 
- stimulated with a higher frequency than the response can follow, the 
rhythm is often 1: 2 of the stimulus rhythm; secondly, when the 
stimulus frequency is just below the upper limit of response frequency at 
the outset, continued stimulation often causes alternative appearances of 
large and small impulses; and lastly, prolonged stimulation at these high 
frequencies results in irregular responses. All these results have appeared 
in the present investigation; but, whereas in the normal nerve a long 
period of very high frequency stimulation is needed to evoke them, in 
the narcotized nerve the passage of a very few impulses is often enough. 

The present experiments do not show whether the depressed function 
as a result of bombardment is due to a depolarization, but in view of 
Levin’s work I am inclined to believe that it is at least a probable cause. 


Local block, 
As sina mentioned, evidence from several sources points to the 


difficulty of obtaining uniformity of depression: throughout a narcotized 
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area. The present experiments also provide some evidence of this kind, 
for when several leads were taken from the narcotized area it appeared 
that the depression of function was often greater in the middle of the 


i i 4 

0-5 1-0 
Time in sec. after loading | 

Fig. 13. Smoothed curves to illustrate the unequal fall of the frequency of impulses from 
three points in the narcotized segments. They were plotted from records taken from 
PN,, PN, and PN, leads in immediate succession at an early stage of cocaine nar- 
cosis (54). The solid line represents the normal phase; the dash line, the narcotic 
phase from PN, leads, 37 min. after the beginning of narcotization; dash and dot 
- line that from PN, leads, 1 min. later; the dotted line, that from PN, leads, 2 min. 
later. The small diagram on the right upper corner indicates the systems of leads used. 


area than at points proximal to it. Thus in two experiments the potentials 
were recorded at three different points in the narcotized area in rapid 
succession at various stages of cocaine narcosis. PN,, PN, and PN, 
leads were used. It was found that the phenomenon of abrupt fall of 
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occurs much earlier and more extensively in those records of impulses 
from the middle (PN, leads) and the distal (PN, leads) than from the 
proximal (PN, leads) regions. The restoration to normal frequency is 
slower in the former than in the latter. Fig. 13 represents graphically a 
typical example of this kind. It is evident that some of the impulses as 
they propagate along the narcotized fibre must have been blocked in the 
region between the proximal (N,) and middle (N,) electrodes. 

Owing to the difficulty of securing uniformity of narcosis it is im- 
possible even with a single fibre preparation to settle the question whether 
decremental conduction occurs or not by comparing the potential 
magnitudes developed at different points of the narcotized area. 
It is, however, of some interest to find that in experiments with 
ND and NN leads (Figs. 3 and 5) during the stages of graded and 
irregular response an impulse with a large first phase is usually diphasic 
and with a small first phase usually monophasic. In other words, an impulse 
which develops a large potential at the first electrode succeeds in reaching 
the second, and one with a small potential does not, But this, though 
suggestive of decremental conduction, is really no evidence of it, for the 
nerve is not in a steady state, and a slight improvement in its conduction 
(due e.g. to the declining frequency of the discharge from the end-organ) 
might account both for the increased pean and for the successful 
co to the second electrode. 


SUMMARY. 
When impulses produced by a single end-organ preparation are made 
to pass through a cocainized region of the nerve, at a certain stage of 
narcosis the impulses are of uniform size and all conducted through the 
narcotized area only when the frequency of discharge from the end-organ 
is low; but, as the frequency increases, the functions of the nerve are 
progressively impaired : the action potentials may show a graded reduction 
followed by irregular variations in size, and some of them fail to traverse 
the narcotized area. Thus at the initial period of loading when the dis- 
charge frequency is still low the action potentials set up in the narcotized 
region exhibit normal magnitude and rhythm. As the frequency rises 
the impulses are progressively reduced in size. The reduction in a series 
of impulses (5-10) is so graded that. it appears in the records as a 
descending staircase. This phenomenon may be due to the conduction of 
impulses in an incompletely recovered fibre as a san om of pro- 
longation of the refractory period caused by narcosis, Me 


+ 
¥ 
“reas 
5, 
x 
at 
} 
if 
44 
Be 4, 
ww? 
“4 
7 
4 
2 
A 
4 
4 
2 
~ + > 
x 


IMPULSE CONDUCTION THROUGH END-ORGAN. 403 


Under the continued bombardment of impulses from the end-organ a 
condition of accumulative depression is developed in the narcotized 
nerve: and only occasional impulses can pass through the affected area, 
and they are irregular in magnitude and frequency. The irregular responses 
usually persist for a considerable time even when the frequency of dis- 
charge from the end-organ has already declined. This is apparently due 
to the slow recuperation of the narcotized nerve from the effect of the 
high-frequency discharge. But when the frequency of discharge becomes 
sufficiently low the narcotized nerve may gradually recover and conduct 
all the impulses set up by the end-organ with normal magnitude. 

a If narcosis is very slight the nerve may conduct half of the impulses 
-~ discharged by the end-organ during the period of high frequency bom- 
- bardment and its after-effect; it may conduct full-sized and smaller 
impulses alternatively. These were observed only occasionally, because 
the rhythm of the discharge from the end-organ is not absolutely perfect. 

With ether and alcohol it was found that the size of the impulses in | 
the narcotized region is reduced progressively, but as a rule all are of the 
same size at a given stage of narcosis, and the frequency of the impulse 
conducted through the affected area is almost equal to that discharged 
from the end-organ. In some experiments, however, there is evidence of — 
’ greater depression when the discharge frequency is at its height. The 
"cause of the different actions of cocaine from ether and alcohol was not 
determined. 

No matter how the action potentials are altered during their pro- 
pagation along the narcotized stretch, as long as they are able to traverse 
the entire affected area, they always emerge with full magnitude into the 
distal non-narcotized region. In this respect the results obtained from 
ether and cocaine agree and lend no support to W oronzow’s contention 
that no recovery takes place when the impulse emerges into the normal 


region. 
a _ I wish to express my gratitude to Prof. E. D. Adrian for valuable 
~ suggestions and criticism throughout the course of the present investi- 
> gation, I am also indebted to Mr B. H. C. Matthews for his interest 
and technical advice. 
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THE EFFECT OF PULSE PRESSURE UPON 
THE CORONARY BLOOD FLOW. 


By G. V. ANREP, J. C. DAVIS! anp E. VOLHARD?. 


(From the Physiological Laboratory, University of Cairo.) 


Wir two exceptions, all the experiments previously described on the 
effect of the cardiac contraction on the coronary circulation were per- 
formed on hearts in which one or another large branch of a coronary © 
artery was perfused at a constant pressure. In these experiments the 
blood flow through the perfused area of the heart was not subjected to 
the pulsatile variations of the aortic blood-pressure. The use of the hot- 
wire anemometer for the measurement of the inflow into a perfused 
coronary artery has given valuable information about the effect of the 
various phases of the cardiac cycle upon the blood supply to the heart 
muscle. But the results can only be unreservedly accepted under the 
conditions of perfusion at a constant pressure. 

It has been repeatedly shown, in experiments on the heart-lung 
preparation [Anrep and Hiausler, 1928], on the whole animal [Davis, 
Littler and Volhard, in the Press] and on the isolated perfused heart 
[Réssler and Pascual, in the Press], that the blood flow through the 
perfused coronary artery is either stopped or greatly diminished by the con- 
traction of the heart. The stronger, relatively to the perfusion pressure, the 
contraction is, the more conspicuous is the diminution of the coronary 
inflow during systole. During diastole, starting from the dicrotic notch, 
the inflow of blood progressively increases at a rate which depends on 
the perfusion pressure and on the viscous resistance of the blood vessels 
and of the heart muscle. Under normal conditions the maximum rate of 
inflow is reached some time after the relaxation of the heart has com- 
pleted itself. The inflow remains at this maximum until the beginning 
of the systole. In cases where the blood vessels have been widely dilated, 
the rate of their refilling is considerably more rapid. During strong 
contractions of the heart, especially when the perfusion pressure is 
lower than the aortic pressure, there may be a regurgitation of a certain 
amount of blood from the coronary arteries back into the perfusion 
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reservoir. The mechanism of this regurgitation and of various other 
characteristic features of the inflow into the perfused coronary system 
has been described in several previous communications [see Anrep and 
Hausler, 1928, 1929; Hausler, 1929; Réssler and Pascual, in the 
Press]. 

Recently certain criticisms of the hot-wire anemometer and of the 


results obtained with its help have been advanced by workers in 


Morawitz’s laboratory [see Hochrein, Keller and Mancke, 1930; 
and Hochrein and Keller, 1931]. After a thorough reinvestigation of 
the problem, the results of which are published elsewhere [see Davis, 
Littler and Volhard, in the Press], we have come to the conclusion 
that this criticism is unjustified. 

It is obvious that the results obtained in experiments on the circu- 
_ lation in coronary arteries which are artificially perfused at a constant 
pressure cannot be applied without further experimentation to a heart in 
which the blood vessels are perfused by the pulsatile aortic pressure. The 
question immediately arises whether the inflow of blood into the coronary 
arteries under normal circumstances is also diminished by the cardiac 
- contraction, or whether the systolic rise of the aortic pressure is suffi- 
ciently great to overcome the resistance of the contracting muscle, or 
even possibly to convert the diminution of flow into an increase. 

As mentioned before, two investigators have worked on the effect of 
the cardiac contraction upon the circulation in coronary arteries which 
remained in connection with the aorta, namely Rebatel [1872] and 
more recently, Hochrein and co-workers [1930 and 1931]. Rebatel, 
using Chauveau’s hemodromograph, measured the blood flow through 
the right coronary artery of the horse. Two periods of forward movement 
of blood flow were observed during each cardiac cycle. The first was 
synchronous with the onset of the cardiac contraction and the second 
occurred during the period of diastole. Rebatel considered that the 
systolic wave of inflow was due to the momentum imparted to the 
column of blood in the aorta by the contracting heart, and that the 
second wave was caused by the diminished resistance of the relaxed 
cardiac muscle. At first sight it would appear that Rebatel’s obser- 
vations regarding the systolic increase are not in accord with the results 
obtained by the hot-wire method on perfused coronary arteries. 
Hochrein and his co-workers measured the blood flow in the left 
coronary artery of the dog by means of Broemser’s tachograph. They 
found that the blood flow was maximal during systole and minimal 
during diastole. In other words their findings are just the reverse of the 
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results obtained by the hot-wire method in perfused coronary blood 
vessels. The adequacy of their apparatus seems to us doubtful, especially 
considering the great number of stray vibrations shown in their published 
records. As stated above, a detailed criticism of their results is published 


elsewhere. 
Effect of altering the perfusion pressure. | 
In a perfused coronary artery supplying the left ventricle, the circu- 
lation is stopped during each contraction. It is therefore legitimate to 
suppose that the contraction of a heart which imposes a certain definite 
resistance to the blood flow through a perfused artery would, if other 
conditions were the same, impose the same resistance to a blood flow 
through an artery which is exposed to the pulsatile aortic pressure. The 
question, however, arises whether this increased resistance is great 
enough to produce the same effect in the aorta-perfused coronary blood 
vessels as in the case where perfusion is at a constant pressure. In order 
to answer this question we decided first of all to determine the maximum 
height of blood-pressure perfusing the coronary artery at which a given 
strength of cardiac contraction could still produce a complete arrest of 
the circulation during each systole. It stands to reason that, were the 
cardiac contraction unable to stop the flow through the artery when it 
is perfused with a pressure equal to the systolic aortic pressure, then 
there could be no possibility of a complete arrest of the blood flow in 
an aorta-perfused coronary artery. | 
These experiments were carried out as follows. In heart-lung pre- 
parations (dogs were used in every case) the aortic blood-pressure was 
accurately measured immediately above the valves, by a sensitive mem- 
brane manometer with optical transmission (vibration frequency 90 to 
150). The left coronary artery was perfused in the same manner as in 
all our previous experiments, and also the perfusion pressure immediately 
in front of the coronary cannula was recorded. For this purpose a 
second optical manometer could be used, but, in order to avoid the 
possibility of errors in the calibration and in the calculation of the 
excursions of two membranes, we preferred to use one only, taking 
alternately, with the same manometer, records of the aortic and of the 
coronary pressures at short intervals of time. The use of a single mano- 
meter was specially suitable, because we were interested in the differences 
between the two pressures rather than their absolute values. The reser- 
voir containing the blood with which the coronary artery was perfused 
was stoppered with a hot-wire container of the same construction as 
that used by Anrep and Hausler [1928]. All connections between the 
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reservoir, the coronary artery and the manometer on the one hand, and 
between the heart and the manometer on the other, were made of rigid 
tubing. The few rubber connections held together end-to-end tubes and 
were cemented with plaster of Paris. 

In order to determine the height of the perfusion pressure at which 
the contraction of the heart just failed to bring the inflow of blood to 
a standstill, we either gradually increased the perfusion pressure, keeping 
the output of the heart and the arterial resistance and therefore the 


Fig. 1, A (white record) is the hot-wire registration of the inflow of blood into the left 


coronary artery, perfused at a constant pressure. B is the registration of the blood- 
pressure in the coronary artery. The horizontal line touching the tips of this pressure 


. record indicates the perfusion pressure, that is the pressure in the artery when the - 


coronary flow is stopped by clamping the artery peripherally to the manometer. 
C is the registration of the aortic blood-pressure. The two pressure records were taken 


with the same manometer, the coronary pressure tracing being superimposed after- 
wards. D is the base line for the hot-wire anemometer. The tracing should be read 
from right to left. The systolic aortic pressure is being gradually dropped while the 
perfusion pressure is kept constant, The first sign of an incomplete arrest of the 
coronary blood flow is shown during the fourth heart beat, counting from right to 
was equal to 40 mm. Hg. 


systolic and diastolic pressures constant, or in other experiments we 
kept the perfusion pressure constant, varying the aortic pressure by 
changing either the output of the heart or the arterial resistance. The 
temperature of the blood was kept constant and therefore the heart rate 
was also constant. 

The results obtained in these experiments consistently showed that 
the perfusion pressure may be raised considerably above the systolic 
pressure in the aorta, and yet.the coronary blood flow is stopped during 
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each systole, Fig. 1, which was chosen at random from a large number 
of similar records, shows a case in which the first sign of an incomplete — 
effect of the cardiac contraction appears when the difference between the 
systolic and the perfusion pressure was 40 mm. Hg. We wish to emphasize 
the fact that in no case, whatever the difference between the two pres- 
sures, did we observe an increase of blood flow to take place during the 
period of systole, In this respect we completely failed to corroborate the 
observations of Hochrein and co-workers, who carried out perfusion 
experiments very similar to ours and who, when using the hot-wire 
anemometer, found that the maximal coronary flow took place during 
systole. Their experiments were performed on the whole animal, while 
most of ours were made on the heart-lung preparation. But this cannot 
be the cause of the difference between the results. In experiments on 
the whole animal, which we performed especially in order to decide this 
point, we obtained the same results as on the heart-lung preparation. 
We consider that the cause of the difference lies in the inadequacy of 
the purely technical side of the perfusion experiments of Hochrein 
and co-workers. 

In most of our experiments we found that the perfusion pressure 
could be raised to about 35 mm. Hg above the systolic aortic pressure, 
and yet the coronary flow was still stopped during each systole. In the 
case of such considerable differences between the two pressures the 
arrest of the flow is short and appears only towards the end of systole. 
When the pressure difference is smaller the arrest of flow becomes more 
prolonged, and, with perfusion pressures considerably below the systolic 
aortic pressure, the arrest becomes nearly equal to the whole length of 
systole. This observation confirms the results obtained by Anrep and 
Hausler [1928]. With perfusion pressures, the height of which exceeds 
the systolic pressure by still greater values, the contraction of the heart 
causes only a diminution of the inflow of blood into the coronary arteries. 

When the heart becomes weaker, as the experiment proceeds it is 
progressively less able to stop the coronary inflow, so that a rise of the 
perfusion pressure of even a few millimetres above the systolic pressure 
becomes sufficient to prevent the contraction of the heart from producing 
a complete arrest of the flow. In some experiments in which the heart 
was very weak, we noticed that this occurred even though the perfusion 
pressure was kept a few millimetres lower than the systolic aortic pressure. 
Strengthening of the heart beat by adrenaline or by other cardiac drugs — 
restores the heart to the original condition, as regards its action on the 


_ coronary blood flow, In the case of very strong contractions the difference 
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between the two pressures may be as great as 50 mm. Hg, the systolic 
arrest of the coronary inflow being still obvious. The results of these 
experiments make it clear that the normal heart, whether it is studied in 
the whole animal or in the heart-lung preparation, is able by its contraction 
to create such a resistance in the coronary system that it completely 

antagonizes the inflow of blood, even though the perfusion pressure is 
decidedly above the maximal aortic pressure. 

It seems reasonable to assume that these mechanical relations, so 
definite in the case of coronary arteries which are perfused at a constant 
pressure, should hold good for a heart in which the coronary system is 
supplied with blood by the pulsatile aortic blood-pressure. ; 


Stromuhr experiments. 

In order to test how far this assumption is correct, we performed a 
series of experiments in which a stromuhr of small capacity (Stolnicov’s 
type) was inserted between the aorta and the cannula perfusing the 
left coronary artery. The stromuhr was supplied with a three-way tap 
by means of which the coronary artery could be connected either with 
the perfusion reservoir or with the aorta, so that when desired the artery 
could be perfused with a constant pressure or with the pulsatile aortic 
pressure. The coronary pressure was recorded in both cases close to the 
coronary cannula. The whole stromuhr and all connections were made of 
rigid tubing. Two types of experiments were performed. In the first, 
the volume blood flow through the coronary artery at some definite 
aortic pressure was measured several times in succession. The coronary 
perfusion was then switched over from the aorta to the constant-pressure 
reservoir, the height of which was gradually adjusted so as to obtain the 
same blood flow through the perfused artery as there had been before, 
when it was supplied by the pulsatile aortic pressure. Records of the 
pressure in the aorta-perfused and in the reservoir-perfused coronary 
artery were taken, the blood flow being measured each time. These 
observations were repeated at different aortic pressures and therefore 
different blood flows through the coronary artery. The output of the heart 
was also changed within wide limits. In the four experiments of this kind 
which were performed, a large number of observations were made. All 
these observations without exception gave concordant results. | 

When the artery is perfused from the aorta, the coronary pressure 
duplicates all the pressure changes of the aortic pressure, as has already 
been shown by several observers and finally proved by Porter [1898]. 
We found that when it is perfused from the reservoir the coronary 
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pressure exhibits typical variations shown in Fig. 2. The pressure rises 
__. during systole and falls during diastole. The larger the blood flow is at a 
| ‘___given perfusion pressure, the more conspicuous is the diastolic drop of 
_ the coronary pressure. During the systole the coronary pressure becomes 
equal to that observed when the perfused artery is clamped, showing 
_ once more that, so long as the perfusion pressure is not excessive, each 
contraction of the heart brings about a complete cessation of the coronary 
inflow. The behaviour of the pressure in a perfused coronary artery in 
our experiments was similar to that in the isolated heart as described by 
Réssler and Pascual [in the Press]. 


Fig. 2. Two superimposed records of the coronary blood-pressure. In A the left coronary 
artery is perfused from the aorta, in B it is perfused at a constant pressure of 90 mm. 
Hg from a reservoir. C is the base line for both records. It is 10 mm. too high. The 
tracing should be read from left to right. Time 0-2 sec. 


All our experiments without exception showed that the constant 
perfusion pressure should be maintained only a few millimetres above the 
diastolic aortic blood-pressure in order to give the same blood flow through 
the coronary arteries as that observed during the pulsatile perfusion 
from the aorta. The big rise of the aortic pressure occurring during systole 
has therefore practically no effect on the coronary flow. Fig.:3, which 
thas also been chosen at random from many similar records, proves this 
point. The left half of the figure shows four superimposed records of the 
coronary pressure which were taken at different perfusion pressures. 
The right half of the figure shows a record of the coronary pressure taken 
e when the eoronary artery was — with blood by the pulsatile aortic 
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pressure. The corresponding blood flows through the coronary artery 
are given with the figure. The negligible effect of the systolic rise of 
pressure on the coronary blood flow has already been noticed by Smith, 
Miller and Graber [1926 and 1927] and confirmed by Anrep and 
King [1928]. These authors, however, measured the coronary blood flow 
by collecting the blood from the coronary sinus. 


Fig. 3. The left side of the figure shows four superimposed records of the blood-pressure 
in the left coronary artery which was perfused at constant pressures of 80, 90, 100 
and 110 mm. Hg. The corresponding blood flows through the artery were 20-9, 24-7, 
33-1 and 37-2 c.c. per min., each figure being an average of five readings. The right 
side of the figure is a record of the coronary pressure taken when the artery was 
perfused with the pulsatile aortic pressure. In this case the blood flow through the 
artery was 32-7 c.c. per min., which is the same as that obtained when the artery was 
perfused at 100 mm. Hg, The calibration of the membrane manometer is the same 

for all records. The tracing should be read from left to right. Time 0-2 sec. 


Fig. 4. Three records of the blood-pressure in the aorta-perfused left coronary artery, 


differing widely in the systolic pressure and little in the diastolic pressure. The blood — 


flow through the coronary artery was the same in the three cases. Time 0-2 sec. The 
horizontal white line across the tracing should be disregarded. : 


The resulta of the experiments just described lead to the conclusion 
that even considerable variations in the systolic pressure will have very 
much less effect on the coronary blood flow than small variations in the 
diastolic pressure. That this is actually the case is shown by Fig. 4, in 
which are reproduced three aortic blood-pressure records differing only a 
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In all three cases the blood flow through the left coronary artery is 
exactly the same. The consecutive measurements for A were 37-5, 37-0, 
37-5, for B 36-5, 37-5, 37-0 and for C 37-0, 37-0, 37-5 c.c. per minute. In 


_ these experiments the systolic pressure was raised by increasing the 


output of the heart, while the diastolic was adjusted by altering the 


. artificial resistance of the heart-lung apparatus. 


Variations in the diastolic pressure must obviously have a much 


greater effect on the coronary blood flow. The following May serveasan 


example. In one of the experiments a rise of the diastolic pressure from 


~ 65 to 69 mm. caused an increase of the coronary blood flow from 27-0 to 


30-0 c.c., and a further rise to 75 mm. increased it to 35 c.c. per minute. 

These observations all point to the same conclusion, namely that in 
the aorta-perfused coronary artery, exactly as in the artery which is 
perfused at a constant pressure, it is the diastolic or to be more precise 
the mean post-dicrotic pressure which is the chief factor determining 
the coronary blood flow. These experiments show that it is during 
diastole that the flow is maximal and during systole minimal. We do 
not see any possible argument which would explain these experiments 
in any other way, and we regard the main point about the effect of pulse 
pressure upon the coronary flow as now settled. It still remained, how- 
ever, to analyse in greater detail the changes which the coronary cir- 


__ culation undergoes within a simple cardiac cycle in the case of the aorta- 
_ perfused artery, and to compare them with the changes taking place in 
__ the coronary system which is perfused at a constant pressure. 


For this purpose the coronary stromuhr was modified as shown in 


q Fig. 5. In principle it is of the usual construction except that all hori- 
_ zontal connections are made considerably longer than usual. The whole 
’ stromuhr was made of glass without a single rubber joint’. JP is a 


flexible metal tube, the upper end of which is directly fused on to the 
glass tubing of the stromuhr, while the lower end is fused on to the metal 
coronary cannula. The connections of the stromuhr were so arranged as 
to allow when desired a perfusion of the artery with a constant pressure 
from a reservoir G, or with the pulsatile pressure from the aorta. Either 


perfusion could be carried through the stromuhr or directly, with the 


apparatus out of the circulation. In addition to the usual purpose of 
Measuring volume flows, the stromuhr could also be used for registration 
of the fairly rapid variations of the blood flow taking place within a 


| cardiac cycle. This was achieved in the following manner. The upper 
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horizontal connection D, between the two bulbs, Z, and £,, was made 


of a long glass tube of an absolutely uniform bore. The middle portion of 


4 


4 


Fig. 5. The stromuhr used in the experiments. A is the funnel used to fill the stromubr. 
B is the burette used to introduce mercury droplets. C, and C, are traps for the 
mercury. D is the mercury droplet, the shadow of which was photographed. 2, and 
E, are the two reservoirs of the stromuhr, partly filled with blood and partly with 
petrol. F is the hot-wire container on top of the reservoir G which is filled with 
blood for perfusion at constant pressure. H,, H,, I, J, K, M are taps for reversing the 
flow through the stromuhr, for cutting the stromuhr out of the circulation, and for 
changing the perfusion from constant pressure to the pulsatile aortic pressure. L is 
the warming spiral for perfusion at constant pressure. N and O are cannule for 
conveying the blood to and from the heart-lung apparatus. P is the coronary cannula. 
Q and Q connect with the optical manometer. 
glass and metal, without a single rubber junction. 


this tube was placed directly in front of the slot of a roll-paper photo- 
graphic camera. At its one end the tube was connected with the burette B, 
‘roan whieh small droplets of ould into the tbe. 
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The flow of the fluid along the tube would tear away each droplet as 
‘soon as it was formed and carry it along the tube, at the end of which — 
the droplet would fall, depending upon the direction of the flow, into 
one or the other receptacle C. Several droplets could be made to travel 


along the tube simultaneously, each of them casting a shadow into the 


camera. In this manner the rate of the blood flow could be recorded with 
a precision which was found to be sufficient for our purpose. When taking 
the records, tube D was disconnected from the burette by closing the 
tap of the burette. Tube D carrying the mercury droplets was 2:5 mm. 
in diameter, so that the displacement of 0-1 ¢.c. of the fluid was measured 
by a movement of a droplet of 20 mm. The bore of the tube had to be - 
carefully selected, since with even slightly wider tubes there may be 
considerable rolling of the droplets. The length of the mercury droplet 
which gave the most accurate results was found to be about 5 mm. 
Smaller droplets moved faster than the fluid, while larger ones had a 
tendency to adhere to the glass and lag behind. After several tests with 
various fluids we selected petrol for filling tube D and the two bulbs of 
the stromuhr above the blood. It is advisable to wash the petrol in 
water, filter it through chamois leather and if possible dehydrate it. 


‘ After cleaning the apparatus with sulphuric acid it must be well washed 


and dried. The mercury must also be cleaned before each experiment. 
The following teste of reliability were carried out before the apparatus was used. We 


determined: 


(a) the possibility of a change in the position of the droplets relative to one another; 
(6) the extent of escape of fluid between the droplet and the wall of the tube; and 


ond. ax follows: | 
‘~~ (a) The stromuhr was connected with a short piece of rubber tubing filled with fluid. 
Five or six mercury droplets were introduced into tube D. The rubber tube was then 
rhythmically compressed for a few minutes. This caused rhythmic excursions of the mercury 
droplets, the extent and velocity of which could be changed by controlling the character 
of the compressions. The relative position of the droplets was determined before and after 
the test. It was found that with excursions varying from 1 to 10 cm. and taking place at 
a rate up to 5 per sec., the relative position of the droplets did not change by more than 
3 p.c. of the total movement. The outside droplets usually showed the greatest displ 
The rate and extent of movement of the droplets in these tests was far greater than was 
ever obtained by us in an actual experiment. 

(b) It is not only the relative position of the droplets which remains almost constant 
but also their absolute position. However, during rapid movements we noticed a certain 
progression of a droplet along the tube when it was subjected to rhythmic to-and-fro 
movements. The order of this inaccuracy is not great if one calculates the extent of the 
displacement per single movement of the droplets. it never exceeded 1 Yo 3 mm. for peck 


g oscillation of the droplet, and occurred only when the movements were rapid. 
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(c) About 0-2 c.c. of fluid was injected into the stromuhr which, considering the 


, capacity of the tube, should have caused a movement of droplet of 40 mm. In the case of 


slow injections this was actually found to be the case. Even when the injection was made 
in about 0-2 sec., the escape of fluid between the droplet and the tube was small, the 
- movement of the droplet being 38-39 mm. When the injections were still more rapid, the 
droplet registered progressively smaller values, and with injections at the rate of 0-02 sec. 
the error was of the order of 8-10 p.c. | 
- An example of registration of the coronary inflow by the mercury 
droplet method, when the perfusion is carried out at constant pressure, 
is given in Fig. 6, in which the movement of eight droplets was recorded 
simultaneously. It will be noticed that in every case the movements are 
parallel to one another. 
As a farther test of the suitability of the moving droplet method, we 


Fig. 6. A typical record, by the mercury droplet method, of the inflow of blood into the 
left coronary artery perfused at a constant pressure. A is the aortic blood-pressure. 
B is the shadow of eight mercury droplets. Note that the movements of the dropjets 


are parallel to one another. The tracing should be read from right to left. Time 
0-2 sec. 


checked it against the hot-wire anemometer. This was done in experi- 
ments in which the blood flow in a perfused coronary artery was recorded 
simultaneously by the movement of the mercury droplet, and by the 
hot-wire anemometer. An actual record obtained in one of these experi- 
ments is given in Fig. 7, and the integration of the movement of the 
mercury droplet in Fig. 7a. The integration was done with the help of 
the epidiascope. Records were enlarged five to ten times and projected 
on large sheets of millimetre squared paper. On comparing the retraced 
hot-wire record with the integrated record of the mercury movement, 
it can be seen that the two give very much the same results, within narrow 
limits. At no place does the discrepancy between the two records exceed 
0-02 sec. Whatever may be the value of the mercury droplet method for 
registration of very rapid changes in flow, it is sufficiently accurate for 


“ee 
ey 
4 
\ 
“ag 
4 
& » 
be 
ats 
os 
Am 
4 
2 
ine 
j 
R 
4 


ea 


Fig. 7. A record of the inflow of blood into the left coronary artery taken sim 


by the hot-wire anemometer and the epmercng droplet method. The artery is pe 
with a constant . A is the aortic blood-pressure. B is the shadow of the 
mercury droplet, the contour of which was blackened with Indian ink. C is the hot- 
wire record. white line at the bottom of the tracing is the base line for the hot 
wire; the base line is 1 mm. too high. 
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our purpose. Other advantages are that it is very simple and does not 


require expensive apparatus or complicated calibrations. 


The curves shown in Fig. 7a give additional support to the obser- 


vations made by means of the hot-wire, for both methods show a com- 
plete arrest of flow during systole. This is highly significant, since the 
two registering systems were placed at the extreme ends of the perfusion 
system, one close to the coronary artery and the other on top of the 
perfusion reservoir. Obviously the length of the rigid tubing between 


mm. Hg 


| Wan 10 OS 0 
Figs. 8 and 8a. Retraced records of the aortic blood-pressure (A) and analyses of the 
movements of the mercury droplets (B). 
Fig. 8 at 120 heart beats per minute. . 7 
Fig. 8a after injection of a small dose of pilocarpine at 43 heart beats per minute. 


The millimetre scale on the right is given to measure the movement of the mercury 
droplet; 20 mm. represents 0-1 c.c. 


the two played no réle. It is important to add that the introduction of 
a mercury droplet did not by itself alter the hot-wire record in any 
respect. Hot-wire records taken (a) during a direct perfusion, i.e. with 
the stromuhr cut out of the circulation, (b) with the stromuhr included 
in the circulation but without a mercury droplet, and (c) with a stromuhr 
which carried two to five mercury droplets could be directly super- 
~~ Having satisfied ourselves about the adequacy of the mercury- 
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droplet method, we proceeded with experiments in which the coronary 
artery was perfused through the aorta, the stromuhr carrying the 
mercury droplet interimposed between the two vessels. From the first 
experiment we realized that the movements of the droplet differed 
markedly from those observed in all our previous perfusion experiments. 
The results of the two sets of experiments seemed to contradict each 
other, since the aorta-perfused artery showed a conspicuous forward 
movement of the droplet during systole. An analysis of a typical record 
is given in Fig. 8. This figure shows a striking similarity to the records 
obtained by Rebatel sixty years ago. Two periods of forward move- 
ment of blood flow are evident. One is almost synchronous with the 
systole, the other during diastole. To make the changes in the coronary 
flow more conspicuous, we performed experiments on hearts beating very 
slowly after administration of a small dose of pilocarpine. An analysis 


| ofa record obtained is given in Fig. 8a. It can be seen that the inflow 


of blood progressively increases during the period of diastole, sometimes 
gradually tailing off with the fall of the aortic blood-pressure. Just 
before the systolic rise of pressure the flow is abruptly diminished, but 
it is again rapidly increased with the rise of pressure. Then, while the 
pressure is still rising, the flow is again diminished or in some experiments 
even brought to a standstill. After this short period of arrest the flow 
gradually increases and reaches its previous diastolic rate. These rather 
complicated changes in the coronary blood flow were seen in every 
experiment and under widely different conditions. 

On comparing the results of these experiments with those described 
in the first half of this paper, we cannot help noticing that they are 
contradictory. Whereas all previous experiments definitely show that 
the systolic rise of the aortic blood-pressure has almost no effect on the 
coronary circulation, direct measurements disclose an unmistakable and 


a _ considerable augmentation of the blood flow during systole. 


Interpretation of the results obtained with the stromuhr. 
In the attempt to find an explanation of the striking difference i in 


the results of the two types of experiments, we proceeded to investigate 


the circulation in the aorta-perfused coronary artery at different aortic 
blood-pressures. A record of the moving mercury droplet would be taken 
first at some definite aortic pressure, which would then be gradually 
raised or lowered. It was found that with the alteration of the pressure 


: 4 the coronary blood flow assumed strikingly different aspects. Fig. 9 
gives the result of such an experiment. The first cycle shown in this 
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figure was obtained at a high aortic pressure, and the coronary blood 
flow presents in this case the typical appearance already described. 
Neglecting the smaller changes, we see the usual four characteristic 
events, a sthall diminution of the flow coinciding with the isometric 
period of contraction, an abrupt increase during the ejection period, a 
second and more considerable diminution of the flow during the re- 
laxation of the heart, and finally a gradual increase in the flow during 
diastole. As the aortic blood-pressure begins to drop, the first period of 
the diminution of the flow becomes less and less marked. The systolic 
increase in flow also becomes less conspicuous, but the diastolic diminution 


A is the aortic blood-pressure (retraced). B is the analysis of the mercury droplet 

movement. The figures on the blood flow tracing indicate the four typical events 
which take place during a single cardiac cycle. The horizontal line across the tracing 
is the zero line for the blood flow. Deflections of the blood flow curve above this line 
indicate a forward flow, and deflections below indicate a back flow. The tracing should 
be read from right to left (other explanations in text). The millimetre scale on the 
‘Tight is given to measure the movement of the mercury droplet; 20 mm. represent 
0-1 c.c. 


of the flow becomes more pronounced and, after going through a i 
of complete arrest, it is converted into a back rush of blood from the 
coronary arteries into the aorta. With further diminution of the aortic 
pressure, this back flow gradually increases; it may become almost equal 
_ to the systolic rise in flow, the net coronary inflow thus becoming extremely 
small. As regards the circulation in the latter part of diastole, it gradually 
diminishes with the fall of the aortic blood-pressure. 

It must again be repeated that these observations seem to clash 
with the results of all our previous experiments, and that in no case 
could we observe any such changes of the blood flow in experiments in 
which the coronary arteries were perfused at a constant pressure. The 
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experiments with measurement of volume flows also contradict the results 
obtained with the mercury droplet. Pe 

The interpretation of the differences presented by the blood flow 
through a coronary artery which is perfused at constant pressure and 
by the pulsatile aortic pressure is, however, not difficult if one bears in 
mind the peculiarities of the hemodynamic conditions in the two cases. 
An artery is a visco-elastic tube which, when subjected to a constant 
pressure of the perfusion reservoir, will be expanded to a constant degree. 
The resistance to the inflow of fluid imposed by the contracting heart 
leads in these circumstances to an arrest of the blood flow. The changes 
in flow occurring during a single cardiac cycle would, in the case of 
perfusing, lead to almost negligible changes in the coronary pressure. 
Therefore, during a perfusion at a constant pressure, there are hardly 
any pulsations of the coronary arteries. The elastic properties of the 
arteries under these conditions may be practically disregarded. It would 
make no difference whether the coronary blood vessels possessed con- 
siderable elasticity or were almost rigid, since their elasticity could not 
exert any influence on the blood flow, the blood vessels being subjected 
throughout the whole cycle to an almost unvarying pressure. | 

Quite different is the case when the coronary arteries are perfused 
from the aorta and subjected to considerable periodic expansions deter- 
mined by the pulse pressure. It is therefore obvious that the movement 
of the mercury droplet will show, at every rise of the coronary pressure, 
not only an actual flow of blood into the capillary system but also the 
filling up of the arteries on account of their greater expansion. Since 
in this case the coronary blood-pressure rises almost simultaneously with 
the aortic pressure, the elastic expansion of the arteries will coincide with 
the ejection’ phase. Howeyer, it does not necessarily follow that the 
maximal expansion of the coronary arteries and the maximal blood 
flow into the cardiac muscle will coincide, as it would in the case of other 


In order to determine the extent to which the elastic properties of 


the coronary arteries may play a part in the circulation, the following 


experiments were performed. We tried to arrange conditions in which 
the movements of the mercury droplet would be determined by the 
elastic factor alone. This could only be arranged if the blood were 
prevented from entering the capillary system. In such a case any rise 
of the blood-pressure would lead to an increased expansion of the 
arteries without an actual inflow of blood into the heart muscle. Three 
methods were used. 
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(a) A thin suspension of lycopodium was injected into the aorta- 
perfused coronary artery of the beating heart. In several cases we 
succeeded in blocking the capillaries completely, and obtained records 
during the short interval of time when the heart still continued to beat 
and to develop the same aortic pressure as before the injection; this 
period did not exceed 15-30 contractions. The range of the movements 
of the mercury droplet was striking. The forward flow during diastole 
disappeared. The diminution of the flow. which took place before the 
injection during the early diastole now changed into a back rush, which 
became equal to the systolic forward rush of the droplet. The net blood 
flow became zero, and the movements of the droplet were accounted for 


exclusively by the elastic properties of the coronary arteries. An 


especially important fact, however, was that the systolic forward excur- 
sion of the droplet remained almost the same after the injection of 
lycopodium as it was before, As the heart became weaker and the aortic 
pressure diminished, the forward excursions and the back movements 
of the droplet — always, however, remaining equal to each 
other. 

(b) In other axeeieiats the coronary arteries were connected with 
a pump which rhythmically raised the pressure to imitate the pulse 
pressure. The heart usually stopped beating, and the blood flow became 
proportional to the perfusion pressure. As the experiment continued, the 
heart very soon developed rigor. In this state, as has been shown by 
previous observers, the capillaries of the heart are almost completely 
occluded [see Langendorff, 1900; Porter, 1898; Wearn, 1928]. The 
change in the coronary flow following the development of rigor was the 
‘same as in the case of injection of lycopodium (see Fig. 10), The fluid 
entered the coronary blood vessels when the pressure was raised, and 
receded_when it was lowered. With a change of pressure between 50 
and 150 mm. Hg, the to-and-fro movement of the fluid in an average 
size of heart was of the order of 0-1-0-2 c.c., which compares well with 
the extent of the systolic forward flow during similar changes of. the 
blood-pressure in the beating heart. _ 
_ (e) In the third type of experiments we made use of the fact, already 
proved by our previous observations made on hearts which were perfused 
at a constant pressure, namely that under these conditions the contraction 
of the heart leads to a blocking of the coronary system. Two heart-lung 
preparations were made. The left coronary artery of one of them was 
perfused by the aortic pressure of the other. The diastolic and the 
systolic blood-pressure were made as nearly as possible equal in both 
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preparations. The two hearts were allowed, however, to beat at different 
rates, so that the systolic rise of the perfusing pressure would coincide 
with different phases of contraction of the perfused heart. At one time 
the perfusion pressure would be maximal during the contraction, and at 
another time during the relaxation of the perfused heart. These experi- 
ments showed that, when the perfusion pressure rose during diastole, 
the amount of fluid passing into the coronary system was three to five 
times greater than when the pressure rose during systole. This result 
proves once more that during diastole the coronary system presents the 


Fig. 10. The excursions of the mercury droplet after injection of lycopodium into the 
coronary blood vessels. The heart stopped beating. The coronary artery is perfused 
by a pump. A is the blood-pressure in the artery (retraced), B, and B, are the shadows 
of two mercury droplets. The net blood flow is equal to about 0-01 c.c. for each com- 
pression of the pump. The tracing should be read from right to left. 


least resistance to the blood flow. For example, with a pulse pressure 
rise from about 60 to 140 mm. Hg, when this occurred during systole of 
the perfused heart, the inrush of blood would be of the order of 0-12-0-2 c.c. 
When it occurred late in diastole it would be about 0-7-0:8 ¢.c. On the 
other hand the systole of the perfused heart, when it coincided with the 
diastole of the perfusing heart, would lead to a complete arrest of the 
coronary circulation, just as in the case of perfusion at a constant 

_ Additional importance is given to these experiments by observations 
made after injection of lycopodium, and during ventricular fibrillation. 
A short time after injection of a dilute suspension of lycopodium into 


& 
Abdi 
a 
‘ 
« a 
iM 
¥ 
= 
4 
| 
Ag 
© 
fs 
# 
otk 
me 
Pes 
‘ 


424 G. V. ANREP, J.C. DAVIS AND E. VOLHARD. 


the perfused artery, the heart stops beating or begins to fibrillate. The 


perfusion pressure, however, obviously remains unaffected, since it 
depends on the action of another heart. In experiments in which the 


blood vessels become completely blocked the coronary blood flow stops — 


altogether, but the mercury droplet continues to show oscillatory move- 
ments, the forward movements coinciding with the systole of the per- 
fusing heart, and the back movements with its diastole. The magnitude 
of these oscillations is of the same order as that of the forward move- 
ments of the droplet before the administration of lycopodium, when 
the systole of the two hearts coincided. That is to say, both bear the same 


relation to the large forward movements which occurred when the 


systole of the perfusing heart coincided with the diastole of the perfused 
heart. These experiments show once more that the effect of the systolic 
risé of pressure in the coronary arteries is the same whether the blood 
vessels have been permanently blocked by lycopodium or are inter- 
mittently compressed by the ventricular systole. Quite a different effect 
is found during ventricular fibrillation in the absence of lycopodium. 
In this case the coronary blood vessels remain permeable, since the 


restricting of the systole is absent. The coronary blood flow now becomes | 


simply a function of the blood-pressure, rising and falling with the 
_ latter. The amount of blood penetrating the perfused artery during each 
- contraction of the perfusing heart is of the same order as that observed 
when the systole of the — heart coincides with the diastole of the 
perfused heart. 


Discussion. 


The experiments described in this communication were performed with 
the object « of comparing the circulation in the coronary system when it is 
perfused at a constant pressure with the same system when it is exposed 
to the pulsatile variations of the aortic blood-pressure, and to find how 
_ far the information gained in perfusion experiments applies to the normal 
hemodynamic conditions of the coronary blood supply. We have com- 
pletely confirmed the observations made by Rebatel in 1872 concerning 
the existence of two periods of forward movement of blood during each 


cardiac cycle. We do not, however, support his deduction that this 


indicates two periods of increase of blood supply to the heart muscle. 
The contraction of the ventricle creates a resistance to the blood flow 
through the coronary system which is great enough to antagonize a 
blood-pressure considerably higher than the systolic pressure in the 
aorta. For this reason the first period of forward movement of blood in 
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the coronary artery, coinciding with the ejection period, cannot cause 
an increase in the actual blood supply to the heart muscle. This forward — 
rush of blood taking place during systole is determined by the elastic 
expansion of the coronary arteries caused by the rise of blood-pressure, 
but not by an increased blood flow through the organ. The experiments 
described here strongly suggest that the maximal blood supply to the 
coronary capillaries occurs in the aorta-perfused heart during diastole, 
just as it does when the perfusion is carried out at a constant pressure. 
The movements of the column of blood in the beginning of the left 
coronary artery cannot serve as an indication of the wn supply to the 
organ. 
ConcLusions. 
1. The gontenotion of the left ventricle creates a resistance in the 
coronary system which is great enough to stop the blood flow through 
the coronary artery when it is perfused at a pressure higher than the 
systolic pressure in the aorta. | 
2. In a strongly beating heart, perfusion pressures up to 50 mm. Hg 
above the systolic aortic pressure are still completely antagonized. With a 
weakening of the heart, the excess of the perfusion pressure above the 
systolic pressure at which an arrest of the coronary blood flow still takes 
place becomes progressively less. 
3. In no case in perfusion at constant pressure is there an increase 
in the coronary blood flow during systole, but always a diminution or a 
complete arrest. 
4. There are two forward movements of blood flow in the left coronary 
artery when it is perfused by the pulsatile aortic pressure. The first is 
synchronous with the ejection phase and the second occurs during 


5. The first period of forward movement is determined by the 
elasticity of the coronary blood vessels, and is not a measure of the 
coronary blood flow. 

6. The experiments described in the present paper make it appear 
highly probable that the main blood flow through the coronary system, 
under normal conditions of the aortic blood-pressure, takes place in 
diastole. 
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THE BUFFER SUBSTANCES OF THE GASTRIC 
_ JUICE, AND THEIR RELATION TO 
GASTRIC MUCUS. 


By T. CARLYLE MITCHELL’, MD., MR.OP.E. 


(From the Department of Experimental Surgery, University of Edinburgh, 
and the Laboratory of the Royal College of Physicians, Edinburgh.) 


INTRODUCTION. 
Tue hydrochloric acid of the gastric contents is present in a “combined” 
form, accompanied or not, as the case may be, by “free” acid. In 
so-called “achylic” subjects, this free acid is invariably absent, even 
following the subcutaneous injection of histamine. By the free acid is 
meant that portion existing in a “dissociated” or ‘‘ionized” condition. 
In the combined form, the majority of H’ ions are usually considered to 
be attached loosely to the amino groups of proteins, a comparatively 
small number of the ions being dissociated; the reaction of the solution 
is weakly acid in consequence. The addition of a small amount of alkali 
disturbs equilibrium, causing sufficient dissociation of H’ ions for a small 
number to remain in excess after neutralization of all OH’ groups. From 
its ability to neutralize alkali in this manner, the combined acid of the 
gastric contents must be taken into account in titrimetrically cee 
the total acidity. | 

In titrating a sample of stomach contents of given initial acidity, it 
is found that more alkali is required to adjust the reaction to the pH 
usually selected, viz. 8-4 (shown by the appearance of pink with phenol- 
phthalein as indicator), than would be necessary to produce the same 
change in an equal volume of dilute hydrochloric acid of the same 
original pH. This is due to the presence, in gastric contents, of chemical 
“buffer substances.” The action of alkali on these buffers is to produce 
solutions whose alkalinity is less than that of solutions resulting from 
the neutralization of acid by alkali under similar conditions. _ 

The precise nature of the substances which act thus has not been 
definitely determined, and, on account of their possible importance in 
therapeutics, the experiments following have been designed to — 

1 Grocers’ Company Medical Research Fellow. 
PH. 28 
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their nature; the examination has been limited to the fasting gastric 
conterits in huthan subjects, and to the gastric secretion following in- 
jections of pilocarpine and histamine in dogs. 


An attempt has been made also to determine the probable réle of by 
gastric mucus in regulating the acidity of stomach contents, The alkaline a 
nature of pars pylorica secretion was first demonstrated by Klemen- ss 
siewicz [1871] and later confirmed by Ackermann (quoted by 8 
Babkin [1928]), Heidenhain [1878] and others. Heidenhain [1878] fy 
and Pavlov [1910] maintained that the gastric mucus was responsible is 


for the minor fluctuations in acidity observed in pure gastric secretion 
obtained from an isolated pouch constructed in the dog’s stomach; 
according to them, the first portions of juice, flowing slowly, are rela- 
tively more susceptible to neutralization by alkaline gastric mucus than 
those coming later, which are secreted more rapidly and remain for a 
shorter time in contact with the mucus. In this way is explained the 
commonly observed parallelism between acidity and rate of flow. 

Other observers, notably Baird, Campbell and Hern [1924], have 


assigned a leading part to pyloric mucus in regulating gastric acidity 


by neutralization and dilution. These authors prevented reflux of the — 

alkaline duodenal contents, believed by Boldyreff [1914-15] to be 3 
essential in this respect, yet they noted the same rise and fall of acidity a 
as occur in the normal stomach. A similar finding was reported by s 
McCann [1929], who short-circuited the duodenal contents to a point i 


_ in the small intestine which precluded the possibility of regurgitation. 
Rosemann [1920] and MacLean and Griffiths [1928] hold that 
the curve of gastric acidity is normally controlled by fluctuations in 
the ratio of acid to neutral chloride, the latter constituent being regarded 
as secreted in the gastric juice; thus they consider duodenal regurgita- 
tion and neutralization by alkaline mucus to be non-essential. 
In addition to the neutralizing action of gastric mucus, there is a 
possibility that its protein content may be instrumental in binding the 
gastric hydrochloric acid, or, in other words, acting as a buffer. 
In 1930, Bonis showed that the buffers present in gastric mucus 
were almost entirely dialysable, and subscribed to the view that mucus 
functions purely as a protective agent against physical and chemical 
“insults.” A possible objection to this appeared to be that although 
dialysed mucus did not act as a buffer in “binding” acid, the products 
of its peptic auto-digestion might do so, particularly as Michaelis 
[1917] regarded peptone as the chief acid carrier in gastric contents 
obtained after a test meal containing protein. 3 
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In addition, although the protein material of mucus may not itself 
buffer, the other constituents of the secretion may well do so. It ap- 
peared desirable, therefore, to investigate these points. 

It is intended, at a later date, to make a study of the combined acid 
of the pure juice obtained by Pavlov’s method. | 


MeErTHops. 
Owing to the difficulty of obtaining sufficient quantity of one sample for the necessary 
teste, special methods had to be devised which could be accurately done on small volumes. 


Acidification curve. 

“Capillator.” If the reaction was acid, a drop of phenolphthalein was added to 2 ¢.c. of 
contents and titration with CO,-free N/10 sodium hydroxide performed until a faint pink 
resulted. The colour was then discharged by a minimal quantity of N/50 acid and the 
volume of the mixture made up to 4 c.c. with distilled water. If the contents were neutral 
or alkaline, 2 c.c. of distilled water alone were added to 2 c.c. of the contents. From the 
mixture 0-1 c.c. was taken and divided into two portions to enable confirmatory readings 
with two indicators to be made, After these readings, 0-1 c.c. of N/10 acid was added 
and the solution stirred with a glass rod to ensure thorough mixing. Again 0:1 c.c. of the 
mixture was taken and its pH ascertained. By successive additions of acid and abstractions 
of small portions of the mixture values were obtained which could be plotted on a graph 
as the acidification curve. Owing to the repeated removal of fluid a progressive dilution 
of the original contents takes place; this can, if required, be allowed for, but for ordinary 
purposes it may be neglected. The curve indicates the degree of buffering present and its 
distribution, in terms of 0-1 c.c. W/10 HCL. 

The amount of buffering was measured between pH 6-0 and 7:5, and between 3-0 and 
6-0 by the following method. The material was made slightly alkaline to phenolphthalein, 
the colour of the indicator just discharged, and the pH measured by the capillator on 
0-1 ¢.c. as described above. This reading we shall call a. A series of readings of pH 
was then made after additions of acid exactly as described above. Let us suppose that 
the readings are b,, 6,, b,, etc. Suppose first of all that 6, is greater than 6, then one unit 


of acid has reduced the pH from @ to b,, therefore approximately “°-;" unite would be 


required to reduce the pH from 7-5 to b,. Let us now suppose further that 5,., is less 
than 6 and b, is greater than 6, then the number of units required to reduce the pH to b, 


would be r-1+ "5%. To reduce the pH further to 6 then Sok units would be re- 


1-5 - 
quired. The total number of unite would therefore be If 6, is 


jou than 6 the number of unite required to change from 7-5 to 6 is =". The number of 
unite so calculated is conveniently denoted by the expression “upper buffer.” 
The number of units required to change from pH 6-0 to pH 3-0 is calculated in an 
fashion and is denoted by the expression “lower buffer.” An example may 
make the method of calculation clear. 
In. an experiment the pH after discharging the colour of phenolphthalein was 7:8, and 
the following set of readings was then obtained. 
b, =6-9, =6-5, b, =5°8, bs = 4-6, =3-3, =2°7, b, = 2-2 and b,=1°9. 
28—2 


* 
ty 
4 
ay 
4 
| 
a 
4 
i 
| 
5 
ix 
xi 
i 


are required to change from 7-5 to 6-9, 

and OS -0-7 units will clearly be required to change from 6:5 to 60, > =0'3 being re- 

units. The lower buffer in a similar way is found to be 0-3 +1+1+0-5=2:8 units. | 
As # second example we may consider an experiment in which the initial reading after 

the colour of the phenolphthalein was 7:2 and b,=3-6, 6,=2-6, 6,=2-1 and 

1-5 

expression (approx.). 


‘A blank experiment with distilled water was carried out and calculations made in a 
similar way. In this case the upper buffer was found to be 0-3, and the lower 1-1. 
These values have to be subtracted from the above, so that the true upper buffer and 
lower buffer in the first experiment are 2-1 and 1-7 respectively, and in the second experi- 
ment the corresponding figures are 0-12 and 0-17. 

For dialysis, sheets of “cellophane” (thicknesses 300 and 400), a commercial product, 
were used; tests showed that starch, albumin, globulin and primary albumoses are held 
back, while secondary albumoses, peptones, polypeptides, amino acids, alkalis, acids and 
salts pass through. Wide-mouthed shallow glass vessels were used for dialysis in running 
water, the “cellophane” being bound tightly across the opening. Dialysis into an equal 
volume of distilled water was carried out by means of a specially constructed cell. This is 
built from ten 3 inch squares of 1/16 inch celluloid. In each half a plain square forms the 
end, four other squares, having a circular opening 2 inches in diameter, are laid upon it 
and cemented in position. Holes are bored at the corners for clamping screws. The surfaces 
to be apposed are covered with chemically pure soft paraffin. A sheet of “cellophane” is 
placed so as to separate the compartments and the two half-cells are then clamped together. 
Filling is accomplished through holes communicating with each compartment in one free 
edge of the cell. To prevent evaporation these can be stopped with paraffin after filling. 
This cell is capable of holding 10 c.c. in either compartment. 

For the removal of carbonates the material was acidified to pH 2-0 and aerated by 
CO,-free air for from 1 to 2 hours, depending on the viscosity. To prevent frothing, 2 drops 
of caprylic alcohol were added, After aeration the material was neutralized with N/10 
alkali (CO,-free) and the volume made up to 4 .c. with distilled water; the acidification 
curve was now determined. 

Peptic digestion at 37-5°C. was sometimes performed; if the contents themselves, 
tested separately, were capable of digesting fibrin, they were allowed to remain overnight 
in the incubator to ascertain whether increase of buffering took place as the result of 
auto-digestion. Frequently dialysed contents were put up witli pepsin at a suitable re- 
action, a portion of the mixture being separately tested with fibrin. The acid was subse- 
quently neutralized before determining the acidification curve. 

In the estimation of free amino groups, formol titration Was employed. 

Tyrosine was determined by a modification of the method of Wu [1922] for plasma 
protein; 0-2 c.c. of contents, 1 ¢.c. of 20 p.c. sodium carbonate and 0-1 c.c. of Wu's reagent 
(25 p.c.) are’ made up to 10 c.c.:-with distilled water. For the control 0-1 0.0. of a 0-02 p.c. 
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solution of tyrosine, 2-5 0.0. of sodium carbonate.and 0-25 0.0. of the reagent are made up 
to 25¢.c. with distilled water. Comparative readings, with the Zeiss Gradation Photo- 
meter, are made after 24 hours and the tyrosine value calculated from the observations in 
the usual way. 

Phosphorus values were obtained by a modification of Briggs’ method [1922] for 
urine phosphate; these may be neglected as the amounts were very small, — 

Total nitrogen figures were obtained by the micro-K jeldah! method, 

Precipitation of a glucoprotein from gastric contents was sometimes ee 
following the method recommended by Webster [1930]. 

Experimental. material-was obtained by aspiration from dogs. ‘aasdvel of thating 3 
contents and washing of the stomach were performed before injection. The washings in- 
variably contained quite negligible amounts of buffer substance. Samples showing the 
slightest trace of bile were discarded; swallowing of saliva, particularly during pilocarpine 
experiments, was prevented by holding the animal's head in a dependent position so that 
all saliva could be collected in a receiver. No swallowing movements were noted after the 
animals became accustomed to the procedure. 


7-56 

5— 


0-1 O8 05 O06 O8 1-0 
Buffer in terms of c.c. of N/10 HCl 


Fig. 1. “Acidification curves”’: A, distilled water; B, normal contents; 
C, contents in pernicious anemia. 


REsvtts. 


Fig. 1 shows the acidification curve of distilled water and, rhe con- 
trast, two typical curves obtained from gastric contents, One, taken 
from the pernicious anemia group, shows considerable flattening in the 
pH range 6-0 to 7-5; thereafter there is a moderately steep fall and a 
second flattening of the curve in the neighbourhood of pH 3-0, such as 
occurs, to a smaller extent, with distilled water. The other, selected from 
the control group (normals or cases without specific gastric symptoms), 
is intermediate between the two. 

Table I shows the amounts and distributions of buffer in gastric 
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I. 
Clinical groups tad Upper Lower Total 
+ 
+ 0-5 13 1-8 
Hyperchlorhydric + 1-2 1-9 3-1 
0-6 0-7 13 
H 0-8 0-3 1-1 
0:8 0-4 1-2 
| Mean 0-67 0-8 1-47 
Rheumatoid arthritis - 1-6 
1-7 2-1 3:8 
3-5 2-4 
0-6 0-4 1-0 
18 1:3 3-1 
Mean 1-34 3-08 
Gastritis - 2-1 13 3-4 
2-9 1-2 4-1 
1-1 10 2-1 
Mean 204 1-17 3-2 
Pernicious anemia - 2-0 3-9 5-9 
1-2 2-4 
” 4-7 2-2 6-9 
13 3-6 
Mean 255 216 4-7 


* Normal cases or ptoms not belonging 
can of thins 


contents from the various groups; the values have been calculated as 
explained above. It is seen that the greatest amount of total buffer 
occurs in the pernicious anemia group and the least amount in the 
controls. This difference is significant according to the ¢ method of 
Fisher [1928, p. 121]. 

“Upper” buffer (7.e. between pH 6-0 and 7-5) is present in greatest 
quantity also in pernicious anemia and is again significantly less in the 
control group. Similarly “lower” buffer (between pH 3-0 and 6-0) is 
largest in pernicious anemia and smallest in the control group, though 
here the difference is barely significant. The remaining groups show 
amounts and distributions of buffer intermediate between the two 
already mentioned; there are no significant differences between adjacent 
groups in the table. 

Fig. 2 represents the acidification curves in the gastric juice of a 
dog (D,) after the injection of pilocarpine and histamine, respectively. 
The pilocarpine juice shows preponderance of — buffer when com- 
pared with that of histamine. 
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juice obtained from dogs. The largest total in any one sample was found 


01 O2 O8 O4 0-5 
Buffer in terms of c.c. of N/10 HCl : 
Fig. 2. A, curve obtained from juice secreted in response to pilocarpine; 
B, ditto after histamine, 


0-2 0-9 1-1 


5 
pects 


” 


— 
@ 


Mean 1-14 0-76. 
Pilocarpine juice, D, - ee 0-6 


free hydrochloric acid after the injection of histamine (maximum dose 
0-3 mg. histamine per kg.); it is therefore, apparently, © ‘achylic” ac- 
cording to the accepted definition. | 
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In another animal (D,), evidently normal in regard to secretion of 
hydrochloric acid, pilocarpine juice contained significantly more total 
buffer than did histamine juice. Significance attaches also to the larger 


content of upper buffer after pilocarpine as compared with histamine 


in this animal. 

In certain samples the buffering of the supernatant fluid was com- 
pared with that of the visible mucus; in no case was any significant 
difference detected. The distribution is apparently uniform. 

In order to test the statement of Bonis [1930] that the buffer sub- 


stances of the gastric contents are almost entirely dialysable—as shown 


by the disappearance or considerable diminution of combined acid— 


O1 02 O8 0-4 O65 06 0-7 08 0-9 
Buffer in terms of o.c. of N/10 HCl | 
_ Big. 3. Dialysability of buffer: A, curve from native gastric contents; 


the acidification curves of various samples were compared en and 
after dialysis in running water. A typical example appears in Fig. 3. 

It will be seen from Table III that complete removal of buffer occurs 
in seven of eleven samples, while in the remaining four the buffer is 
considerably reduced; one of the latter, however, even after prolonged 


dialysis retained about one-third of its buffering power. The tyrosine 


content of the dialysed residue was usually about two-thirds of that of 
the original, The buffer was dialysed completely in some samples, in 


others partially; thus there appears to be no direct relation between the 
tyrosine and buffer in dialysed material. In one case where the formol 


nitrogen was estimated the removal of all buffer was accompanied by 
the disappearance of the free amino groups. In another sample the total 
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Taste III. Dialysis in running water. 


nitrogen was reduced by two-thirds while the buffer was completely 
dialysed. 

Since, in the majority of cases, ‘the buffer is completely dialysable, 
dialysis against an equal volume of distilled water should frequently 
result in the same concentration of buffer in the dialysate and in the 
dialysed residue. That this did not occur (after 5 days) is seen in the 
series represented in Table IV; presumably this was due to the large 


Taste IV. Dialysis into equal volume of water. 
Partially dialysed 
Sample pan Dialysate 
Histamine juice, D, Buffer 0-3 0-1 


Dy Buffer 0-8 0-2 


Total N 56 mg. p.c. 32 mg. p.c. 


molecular size of certain of the buffer substances in the original material. 
The nearest approach to equal concentration occurred in a sample of 
pilocarpine juice from D,. In this case a large proportion of the buffer 
was composed of carbonate which is freely dialysable. — 

The tyrosine figures did not show even approximate equality wet 
in one case. As before, the percentage of residual tyrosine was not directly 


Normal contents Buffer 16 Nil 
Formol N 28 mg. p.c. 
contents, D, Buffer 2-7 Nil 
Se Tyrosine 8-7 mg. p.c. 6-5 mg. p.c. 3 
ne Pilocarpine juice, D, Buffer 1-8 Nil 4 
Hy Tyrosine 9-5 mg. p.c. 6-3 mg. p.c. 4 
ia Fasting contents, D, Buffer 0-9 Nil a 
a Pilocarpine juice, D, » 2-2 Nil q 
” D, 99 2-9 0-2 Si 
3 Tyrosine 8-7 mg. p.c. 6-8 mg. p.c. 4 
Total N 95 mg. p.c. 29 mg. p.c. a 
D, Buffer 1-9 0-3 
Tyrosine 8-6 mg. p.c. 6-1 mg. p.c. 
ur Pernicious anemia Buffer 5-9 0-7 4 
Rheumatoid arthritis 3:1 4 
Tyrosine 12-5 mg. p.c. 9-5 mg. p.c. 
mg. p.c. “2 Mg. Pp. q 
2 Formol N Nil Nil 4 
D, Buffer 0-7 0-1 
| 
a 
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related to that of residual buffer. There isa similar lack of direct pro- 
portionality between the figures for residual esis and those for 
residual buffer. 

To determine whether any formation of buffers occurred from peptic 
digestion of the proteins present in gastric juice, experiments with 
dialysed fasting contents and gastric juice were performed. Dialysed 
gastric samples were incubated with dialysed pepsin at a suitable reac- 
tion. The activity of the pepsin under the conditions employed was 
shown by the fact that the mixture was capable of digesting fibrin. 
Further, in two cases, contents of proved proteolytic activity were 
incubated to ascertain whether any increase of buffer occurred as the 


result of auto-digestion. | 


Sam incubation § incubation 
Dialysed normal contents Buffer Nil Nil 
” 99 Nil Nil 
Mucoprotein (Webster) Buller Nil Nil 
u ebster 
{ pilocarpine juice, wa 
U normal contents | 
24 hr. incubation Buffer 13 1:3 
48 hr. incubation Be 1-3 1-4 
normal contents: 
24 hr. incubation 3-3 3-4 


In no case was any significant formation of buffer observed, even 


after 24 to 48 hours’ incubation. This occurred in spite of the fact that 
the insoluble material visible at the beginning of incubation had largely 
been dissolved at the end of 24 hours. That peptic digestion of gastric 
protein may occur was shown by the following experiment: dialysed 
gastric juice was subjected to peptic action for 24 hours in the incubator 
and subsequently redialysed; the sample finally contained less tyrosine 
than another portion of the same material treated in an exactly similar 
— except that the mixture was not incubated. The figures are as 
ollows: 


»”» control ” == 3:1 mg. p.c. 


Evidently, incubation with pepsin had converted some of the non- 
dialysable protein into a dialysable form. 


In two of the experiments upon dialysed material no increase of free — 


amino groups was detected; this is in accordance with the general 


pA. 
fits 
ihe 
7 
| 
é 
{ 
| 
T V. Incubati ith i 
ABLE cubation with pepsin. 
q Before After be 
{ 
Ey 
> 
3 
| 
; 
is 
i” 
| 
hs 
an 
; 
wig 
> 
“oth, 
i 
Bote 
. 
‘ ; 


BUFFERS.IN GASTRIC JUICE. : 437 


principle that while digestion of a protein with pepsin may result in 
considerable changes in the physical properties, it is not usually accom- 
panied by any significant.increase in the number of free amino groups. 
The statement frequently appears in the literature that the alkalinity 
of gastric mucus is due to carbonates. This is confirmed in these experi- 
ments; reduction of upper buffer occurred after passing CO,-free air 
through contents or juice whose pH was adjusted to approximately 2-0. 


01 O8 OF OF O08 OF 
Buffer in terms of c.c. of N/10 HCl 
Fig. 4. Effect of removal of carbonate buffer: A, native juice; 
: B, after aeration at pH 2-0. 


Taste VI. Removal of carbonates. Upper buffer values. 


Case 


g. 


This procedure removes carbon dioxide. Only anacid samples were in- 
vestigated, as carbonate cannot exist in the presence of free acid. 

Removal of upper buffer was almost complete in four out of nine 
cases, reduction to approximately one-third occurred in four, and in 
the remaining one there was reduction to barely one-half. 

The figures for total buffer after the removal of carbonate give what 
is presumably the buffering value of the proteins; a portion of the latter 
is dialysable and its tyrosine value may be obtained by deducting the 
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| post-dialysis figures from those of the original. In this way the dialysable 
- protein buffer has been found, in three samples, to have the following 


values for protein (obtained approximately sa multiplying the tyrosine 


figures by 30): 

Py 2.0. of 96 mg. p.c. dialysable protein have 0-8 buffer 
R.A. ,, 90mg. p.c. 


By calculation 2.c. of 100 mg. p.c. solution of a protein, e.g. gelatin 
(equivalent weight approximately 1000), have a buffer value of 0-25. 
Thus these dialysable protein derivatives have about four times the 
combining power of a gelatin solution of equal concentration, and there- 
fore are probably of the nature of polypeptides and amino acids, whose 
equivalent weights average about 250. 

Experimentally, the dialysate from certain gastric samples was found 
to give the biuret reaction, while full saturation with ammonium sulphate 
caused no precipitation of albumoses; therefore the largest detectable 
molecules dialysing through the membranes in these cases were those of 
peptone. 

By similar calculation from the tyrosine values of the dialysed residues 

and the residual buffers the undialysable proteins appear to have a 
combining weight of approximately 800 and belong, probably, to the 
complex proteins. 

The protein separated from gastric samples by the method given by 
Webster [1930] was found to have no significant buffering power even 
after a digestion. This protein is not dialysable. 


Discussion. 


The buffers which may be present in juice are 
proteins and their derivatives, also phosphates and ammonia. The last 
two can be neglected, as, according to Gamble and McIver [1928], 
Carlson [1916, p. 251] and Rosenbloom [1923], they occur in very 
small amounts. 


Bonis’ finding, that the gastric buffers can mainly be dialysed, has 


been confirmed. Carbonates are readily dialysable, the protein deriva- 


tives less so, and proteins practically not at all, owing to their large 
molecular size.. 

Gamble and McIver [1928] stated that sodium hydrogen carbonate 
is responsible for the alkalinity of pyloric mucus, and that fundic mucus 
has probably a similar general composition. The addition of acid to a 
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solution of this salt liberates carbon dioxide, part of which may remain 
in solution as carbonic acid. 

A neutral juice, containing a mixture of sodium hydrogen carbonate 
and carbonic acid, requires the addition of more alkali to reach the end- 
point of phenolphthalein than would be required if these constituents 
were absent; here the carbon dioxide takes up alkali and is converted 
into sodium hydrogen carbonate. In this way a fallacious value for 
combined acid is obtained in titrating such a sample, Lim [1924] 
ascribed this error to the colloid nature of gastric protein in “adsorbing” 
alakli, but, from the writer’s experiments, the combining power of — 
protein is extremely small, in the concentrations usually present. 

With regard to the buffer action of protein the theories of its com- 
bination with acid and alkali may here be mentioned. 

The classical theory regards protein at the iso-electric point as com- 
posed of undissociated molecules containing uncharged NH, and COOH 
groups. On the addition of acid the NH, groups take up H’ and become 
positively charged NH, groups; with alkali the carboxyl groups lose H’ 
and become negatively charged COO groups. The resulting solutions are 
less acid or less alkaline than if acid and alkali, respectively, had been 
added to an equal volume of distilled water. 

According to the zwitter-ion theory, protein at the iso-electric point 
is totally dissociated into positively charged NH, groups and negatively 
charged COO groups. When acid is added it is the COO groups which 
take up H’, their negative charge being neutralized; thus there results 
a relative preponderance of the acid NH, groups. On the other hand, 
when alkali is added the NH, groups lose H° and in this way become 
neutral. . 

In the Sérensen (formol) titration the buffer action over the acid 
range, according to the classical theory, is due to the amino groups, 
while, on the zwitter-ion theory, buffering over this range is due to the 
carboxyl groups. The formol titration is actually a measure of the free 
amino groups, but as these correspond with the free carboxyl groups 
the conclusions as to the buffering power are valid according to either 
theory. 

Because the available amino and carboxyl groups are responsible for 
combining with acid or alkali, it follows that amino acids buffer more 
strongly than proteins, since in the latter the amino and carboxyl groups 
are to a large extent combined in amide linkages. It has been calculated 
from these experiments that the dialysable protein buffer has an equi- 
valent weight of about 250 which is less than a third of that of gastric 
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- mucin, estimated from the figures quoted by Fogelson [1931], and 
which corresponds to the amino acids or simple polypeptides. In the more 
complex protein derivatives there are fewer available combining groups; 
it has here been shown that petone has very little buffering power and 
that of the undialysable protein is practically negligible. _ 

The chief function of gastric mucin, the protein of mucus, is evidently 
not that of buffer, nor has any evidence here been obtained that peptic 
digestion of mucin produces a significant amount of buffer from it. It 
was maintained by de Klug [1907] that the function of mucin was a 
_ physical one, namely, to prevent the diffusion through it of pepsin and 
thus to protect the mucosa from auto-digestion. Fogelson [1931] be- 
lieves that the mucin “adsorbs” hydrochloric acid, as suggested by 
Lim, and forms a protective layer; as previously pointed out, this action 
must be extremely weak. 

In reviewing the functions of mucus—the secretion iteelf, as distinct 
from gastric mucin which is a glucoprotein—another constituent must 
be taken into account, namely sodium hydrogen carbonate. The Pavlov 
school believes that. gastric mucus has two main functions, first, the 
protection of the. mucosa against various physical stimuli and, second, 
the neutralization of acid. In addition, according to Brestkin (quoted 
by Babkin [1928]) and Bickoff (quoted by Babkin [1928]), mucus 
possesses a slight digestive action on protein. The mechanically pro- 
tective action of mucus was emphasized by Zweig [1906]. Protection 
against auto-digestion has been ascribed by de Klug and Fogelson 
(quoting Whitlow) to the protein component of mucus, but there can 
be little doubt that the carbonate present is largely instrumental in 
inhibiting peptic activity through neutralization and buffering. 

From the writer’s experiments it is estimated that, in some highly 
_ buffered samples, 100 c.c. of mucus are capable of inhibiting the proteo- 
lytic action of approximately 40 ¢.c. of gastric juice, by combined dilu- 
tion, neutralization and buffering; these effects prevent the development 
of the acid reaction necessary for the activity of the enzyme. It would 
appear, therefore, that this function is of greatest value when traces of 
active secretion remain in the stomach, as, for example, after a meal. 
While mucus may be important in this instance, it is highly improbable 
that its action in lowering the acidity of stomach contents can play any 
other than a minor réle in the normal.control of gastric acidity. 

The occurrence of strongly buffered and slightly alkaline contents 
in achylia is probably not responsible for the absence of hydrochloric 
acid; it is estimated from these experiments that the concentration of 
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mucus in gastric juice would require to be trebled to prevent the 
appearance of free acid. In achylia the secretion as a whole is much 
reduced, therefore, even if acid were secreted the amount must be 


practically negligible. The accepted view, with which the author’s 


-, results are compatible, i is that no acid at all 1 is secreted in, for example, 


the achylia of pernicious anzwmia. 
A difficulty in estimating the action of mucus in controlling gastric 


acidity i is the lack of a method for measuring the output of the mucus- 


secreting cells. In the presence of free acid the carbonate is destroyed, 


and there is no method at present for determining accurately the varying 


concentrations of mucin in the secretion with different stimuli. It 
appears also, from Babkin (1928, p. 175], that there may be more than 
one type of mucus-secreting cell, viz. the cells of the superficial epi- 
thelium, and the “mucoid” cells described by Lim [1922]. A further 
obstacle is that auto-incubation of gastric juice may alter the com- 
position of the gastric protein so that it is no longer precipitated by 
acetic acid; this was shown by Schmidt [1896] in the case of protein 
precipitable by acetic acid. Juice rapidly secreted and mixing with food 
will probably not undergo auto-digestion, but it is possible that the 
latter may be appreciable in fasting contents retained in the stomach 
for several hours. That mucin was not digested by pepsin was held by 
de Klug, but Carlson [1916, p. 253] stated that some digestion might 
occur, if only to a limited extent. Schmidt [1896] found that gastric 
protein was digested by pepsin though less readily than coagulated egg 
white. The writer has observed a change in the protein after — 
digestion from the undialysable to the dialysable state. 

In view of the difficulties mentioned above, there is a conflict of 
opinion as to the functional activity of the mucus-secreting cells, The 
mucous membrane of the fasting stomach is, as has long been known, 
covered with a thin layer of mucus. To what extent the mucus-secreting 
cells are active during the gastric secretory period is doubtful. Aldor — 
(quoted by Babkin [1928]) and Schutz (quoted by Babkin [1928]) 
believe that the two secretions, acid and mucus, run parallel, Bonis 
[1930] that they are in an inverse relation; the latter explains hypo- 
acidity in health as due to this antagonism, not to the neutralizing effect 
of the mucus. 

The secretion of mucus in response to various local irritants is well 
recognized. Vineberg [1931], following up the work of Uschakov 
(quoted by Babkin [1928]), has brought forward further evidence to 
show that the secretion of mucus, possibly from the “mucoid” cells, is 
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under vagal control, since it is called forth by pilocarpine which is a 


vagal stimulant. Support for this view is given in the writer’s experi- 
ments where a definite carbonate content, indicating mucus, was noted 
in the secretion following pilocarpine injection. 


The protein buffers of the gastric juice appear to be actually seenatad 


as such, because, while absent from the stomach washings before injec- 
tion, they are present in the juice obtained after pilocarpine and hista- 
mine. Carlson [1916, p, 253] gives the value for amino acid nitrogen 
in “pouch juice” as 1 to 2 g. p.c. It has been shown that amino acids 
cannot be produced by peptic digestion, and this confirms the opinion 
that they are secreted as such. 

The function of the protein derivatives is probably protective for the 
mucosa, but Carlson [1916, p. 254] has suggested that they may act 
as secretagogues. 
CoNncLUsIONS, 

_ 1. The buffer substances present i in acid samples ot gastric juice are 


proteins and their derivatites; in anacid samples carbonates are present | 


in addition. 

2. The buffers of the gastric juice are almost entirely dialysable; 
this confirms the finding of Bonis. The undialysable protein has only 
a slight buffering power. Its digestion by pepsin does not materially 
increase the buffer. 

3. The buffering power of the “protein series,’ "4.0. complete proteins, 
albumoses, peptones, polypeptides and amino acids, is proportional to 


the numbers of amino and carboxyl groups available for combination _ 


with acid and alkali; these are relatively most numerous in the amino 
acids. 

4. The buffers present in the form of polypeptides and amino acids 
appear to be secreted as such. 


The writer wishes to express thanks to Dr W. O. Kermack for much 
helpful advice, to members of the Staff of the Astley Ainslie Institution 
for supplies of clinical material, and to Mr W. Leeper of the Royal 
College of Physicians’ Laboratory for sees the nitrogen deter- 
minations, 
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‘Nerve endings in Pacinian bodies. By Dona. 


by Prof, J. 8. B. Sroprorp). (Department of Anatomy, University 


Manchester.) 


Preparations were shown, stained by the intra-vitam methylene 

blue technique, demonstrating the different types of nerve-endings in 
the Pacinian bodies in the mesentery of the cat. Fibres could be seen 
passing straight through one Pacinian body to terminate in two adjacent 
corpuscles. 
After sub-diaphragmatic section of both vagi, the normal staining 
of the nerve-endings was obtained three weeks later. Bilateral section 
of the splanchnics, in a series of animals, gave a negative methylene 
blue result for the Pacinian bodies. Control experiments were carried 
out in every case. From experimental work it would thus appear that 
the main afferent nerve fibre of the Pacinian corpuscle reaches its cell 
station in the posterior root ganglion via the splanchnic nerves. : 
Work is still in progress on a fine plexus of un-myelenated fibres 
with nerve ganglion cells and occasional free nerve-endings, found 
throughout the mesentery. 

Provisional results show that this plexus is in connection with the net- 


"work of un-myelenated fibres around the blood vessels. After bilateral 


section of the splanchnics, and also after division of both vagi below 
the diaphragm, the fibres of this fine plexus could still be traced, though 
much reduced in number. A further series of experiments has been 
carried out to exclude the possible source of afferent innervation to 
the mesentery from the upper lumbar sympathetic ganglia. 

There appears to be some definite histological evidence underlying 
the assumed somatic innervation of the mesentery, but these results 
avert confirmation from present experimental work. 
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The nervous origin of the Weyer and Bray effect. By E. D. Aprian, 
D. W. Bronx and Pairs’. 

One of us[Adrian, 1931} recently criticized Weverand Bray’s inter- 
pretation of the potential changes which they found in the auditory nerve 
when sounds fall on the ear. These changes follow the content of the 
sound waves so closely that, after amplification, they can be made to 
reproduce speech as well as notes of high and low pitch. Wever and Bray 
give reasons for supposing that the effect is due to true action potentials 
in the auditory nerve, but on repeating their experiments it was found that 
the effect could always be detected in the neighbourhood of the cochlea 
and that a lead from the nerve was unnecessary. Since the application of 
novocaine etc. to the nerve did not affect the electric changes appearing in 
it, it was concluded that these were generated within the cochlea and 
were not due to impulses in the intracranial nerve fibres. 

Further experiments have now been made and the objections raised 
to Wever and. Bray’s explanation turn out to be not very serious. 
It seems probable that the changes in the cochlea are due to nervous 
structures of some kind: the situation of the nerve fibres in it may 
favour the development of large potentials, and the intracranial part of 
the nerve may often appear to be acting as an inert conductor because it 
is unfavourably placed for electric recording and much more liable to 
damage than the intracochlear part. 

The experiments which favour a nervous origin are as follows: 

_ Survival period. When the bulla of the guinea-pig is opened and a 
moist thread electrode placed on the cochlear projection we find that 
sounds are still reproduced for an hour or more after the death of the 
animal or the failure of the blood supply to the inner ear. When the 
circulation fails there is a sudden fall in intensity, most pronounced for 
sharp isolated sounds like the clicking of a pair of forceps, These usually 
become quite inaudible, but sustained sounds are less affected: speech is 
still quite intelligible, and after the initial reduction its intensity remains 
at about the same level for 1-14 hours. Sounds then become faint and 
distorted and the effect fades rapidly. In the cat with a lead from the 
foramen rotundum the survival period is about half an hour. This 
result can be produced by cutting the vessels to the inner ear without 
interfering with those to the middle ear. The prolonged survival at fairly 
constant intensity suggests that the initial diminution is due to a 
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mechanical cause, e.g, the collapse of vessels, and not to the failure of the 
oxygen supply. The persistence of the effect in the absence of blood supply 
does not rule out a nervous origin, for peripheral sense organs and nerves 
may remain excitable for long periods after removal from the body. 
The final disappearance makes it likely that the electric changes are due 
tothe activity of living cells and not to movements of fluid in the inner 
ear. 
Cocaine, The injection of 10-20 p.c. cocaine solution into the foramen 
rotundum or through the wall of the guinea-pig’s cochlea causes a rapid 
failure of the effect. The injection of saline usually leaves it unim- 


paired if no great damage is done, Although the variable amount of 


damage confuses the issue the effect of cocaine seems unmistakable. 
Cooling the cochlea, It was reported previously that ice placed on the 


‘ petrous bone in the cat did not weaken the effect. In the guinea-pig, 


however, the cochlea can be reached thore easily from the bulla and 
cooling it with ice causes a definite weakening. If the circulation is 
intact there is complete recovery when the ice is removed, but if it is 
applied during the survival period there is no recovery and the effect 
soon fades completely. 

These results all indicate that the Wever and Bray effect is due to 
living cells and ceases with their death, and the action of cocaine makes it 
likely that nerve endings, nerve cells or nerve fibres are responsible. The 
large size of the potential changes in the cochlea suggests that the nerve 


fibres are not the only structures giving rise to them, but it is true that 


the synchronous activity of many fibres in a nerve can give large po- 
tentials, and it is possible that the arrangement of the bony channels 
in the inner ear may give particularly favourable conditions for recording 
electric effects, Itis also worth remarking that preparationg of the touch 
receptors and their nerves can be made to give potential fluctuations 
reproducing the frequency of the stimulus over a limited range, and it is 
even possible to reproduce a sinusoidal wave form if enough receptors 
are in action. 
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_ The mechanics of Pecten muscle. By A. D. Ritcuiez. 

The isolated slow adductor muscle of Pecten opercularis stimulated 
under isometric conditions takes several seconds to relax. If the muscle 
is fapidly stretched and released again to the same length during re- 
laxation, the rate of fall of tension is greatly increased. With a series 
of stretches and releases the base line of tension is reached in a second or 


two. The stretching and releasing does not appear to injure or permanently 


alter the muscle in any way. Release followed by stretch has no effect, 


The phenomenon is believed to be due to a momentary lowering of 


viscosity by the mechanical shaking up of the tissue and to be comparable 
to the lowering of viscosity of a “thixotropic” gel [Freundlich, 1927], 
which liquefies on shaking and sets again on standing. _— 

Tf it is assumed that a similar thixotropic effect is produced in an 
excited muscle fibre immediately after the excited state passes off, 7.c. 
while the fibre is relaxing, certain anomalies observed in Pecten muscle 
can be explained. (1) Relaxation from a large contraction is quicker 
than one froni a: small contraction, so that the relaxation curves are not 


superposable [Bozler, 1930]. The greater the number of fibres that 


have been excited, or the greater the contraction of any individual 
fibre, if contractions are summated, the greater the thixotropic effect. 
(2) The state of “contracture” found in the muscle immediately after 
isolation is abolished by a strong stimulation [Bayliss, Boyland, and 
Ritchie, 1930]; and also by stretch and release. (3) The intact animal’s 
reflex relaxation may be much more rapid than the relaxation obtained 
in the same muscle after isolation [Bozler, 1930]. This is probably 
because the contractions of the isolated muscle produced by ordinary 
methods of stimulation are always submaximal and thetefore produce 
less thixotropic effect than will follow a maximal reflex contraction. 

The thixotropic effect has been observed in the adductor muscle of 
the oyster, and less conspicuously in the retractor of the foot of Mytilus 
and in crab’s claw muscle. In tortoise skeletal muscle its presence is 
doubtful. The body wall muscle of Holothuria does not appear to show a 
thixotropic effect, but the interpretation of the results obtained is doubt- 
ful, as a series of rapid stretches and releases often acta as a stimulus. 
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_ abnormal excitatory process, the total calcium (Davenport, etc., 1929] 


than 1 mg.) than that of blood from the deep vein of a normal limb. 
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Fibrillary twitohings in skeletal muscle during the post-ischemic. 
period. By Cuarizs (Prince of — College, 
India.) 


Ischemia of the hand and forearm was produced by application of 
an Esmarch bandage round the hand and forearm. The armlet of a 
blood-pressure recording apparatus was placed on the upper arm, the 
pressure on which was then raised and maintained at about 20-30 mm. 
Hg above the systolic level. On removal of the bandage the forearm 
was ready for use as an ischemic limb. 

In the course of the second or third minute after the re-admiasion 
of blood following ischemias of from 15 to 35 minutes’ duration, in- 
voluntary fibrillary contractions constantly appear in the muscles of the 
hand and forearm, the small muscles being affected particularly, and 
disappear usually in the course of the sixth or seventh minute after the 
return of blood to the limb. Their intensity and duration vary to some 
extent with the duration of the ischemia. Evidently they are of peri- 
pheral origin, involving an excitatory process which constitutes a definite 
phase in the behaviour of the muscles some minutes after the re-entry 
of blood and are no doubt of the same nature as those observed in the 
tongue, etc. of the dog, following experimental ischemic conditions by 
Guthrie, Pike and Stewart [1908]. 

So far the writer has not demonstrated similar fibrillary twitchings 
in the limb muscles of the dog, cat or rabbit subsequent to ischemic 
conditions induced similarly as for man. In order to show, however, a 
possible chemical basis for the origin—in part at least—of the above — 


of the post-ischemic muscle in animals was compared with that of the 
normal. It was easily shown that the Ca contents of corresponding 
muscles from the hind limbs or fore limbs of animals anesthetized with 
intra-peritoneal amytal were similar. Normal muscles were then com- 
pared as regards their Ca content with corresponding muscles after the 
circulation had been re-established for about 5 minutes. 2 


Ca content (mg. p.c.) 
Animal Normal muscle § Post-ischemic muscle 
Rabbit (13) 21 16-7 
Dog (7) 22-2 18-2 


The Ca content of the blood [Tisdall, 1923] obtained from the deep 
vein of a post-ischemic limb (dog) was always slightly higher (less 
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Fi rther evidence, suggesting that the onset and maintenance of the 
post-i scheemic fibrillary process are associated with the setting in of the 


periou of most active interchange between the muscles and the blood, 


is afforded by serial estimations of the lactic acid content of samples of 
blood [Cotonio, etc., 1927] proceeding from a limb in a period extending 


for half an hour after the re-establishment of the circulation, The blood 


lactic acid in a number of observations on different dogs quickly in- 
creased in the course of a few minutes from 8-10 mg. p.c. to 12-15 mg. 
p.c. and then subsided slowly to about 9-11 mg. in 30 minutes. 

The mechanism of these fibrillary twitchings is probably essentially 
similar to those described by Langley [1915] for the dog’s sartorius 
placed i in pure NaCl0-6 p.c. and then transferred to Ringer. The twitchings 
set up cease in three to seven minutes and are considerably greater if 
the Ca content of the Ringer is low. 
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Cellobiose in relation to the mammary gland. By L. B. WINTER. 
(Physiological Laboratory, Manchester.) 


It is usually assumed that in the formation of lactose by the mammary 
gland galactose is formed from glucose brought by the blood and then 


linked with glucose to form a f-galactoside, but all attempts to show 
the presence of an enzyme which will synthesize lactose from glucose 
and galactose im vitro have failed. Free galactose may not be formed 
in the gland, and there are other possibilities of which the following is 
an example. Two molecules of glucose may be joined to form a f-gluco- 
side, and then the H and OH attached to C4 of the non-reducing 
component may be transposed. Such a change occurring in the glucose 
B-glucoside cellobiose will give rise to lactose directly, for these disac- 
charides have the same structure [Haworth, 1929]. In the present 
work mammary glands of rabbits killed 10 days after parturition were 
extracted and the extracts were incubated with cellobiose at 37°. The 
sugar was subsequently recovered from the mixture by the lead-barium 
method [Winter, 1930]. Cellobiose octa-acetate was prepared by the 
method of Haworth and Hirst [1921], and converted into the free 


sugar by Zemplen’s method [1926]. I take this opportunity of thanking 
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may well be due to splitting of some cellobiose to glucose by bacterial 
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Dr E. L. Hirst for showing me the preparation, as experience is necessary 
to obtain satisfactory yields. Three methods of extracting the mammary 
tissue were used : 
(1) Dehydration with acetone, and extraction of the dry powder 
with saline. 
(2) Extraction with 50 p.c. glycerol. : 
_ (3) Direct saline extraction at low temperature (5° C.). 
Each flask on incubation contained 10 ¢.c. of a 3 p.c. solution of — 
cellobiose, 8 c.c. 0-9 p.c. NaCl or 04 p.c. Na, HPO,, and 2 c.c. of “enzyme” 
solution. When incubation was for more than 3 hours, toluol was added. 
The following are representative figures. ke 
Time of recovered sugar 


A 


Method of 
extraction 


SESE SEE 


The presence of a small amount of lactose in the recovered sugar 
would show itself by raising the initial and final specific rotatory powers 
above those of cellobiose, and by masking the mutarotation (since 
lactose crystallizes as the a and cellobiose as the 8 compound at room 
temperature). In no experiment were these three requirements satisfied, 
and in only one (marked with an asterisk) was the final [a] raised; this 


action. Experiments in which cellobiose was injected into rabbits gave 
no evidence that the sugar was utilized when the animal was lactating. 
Cellobiose 


The sugar was excreted unchanged by the lactating rabbit; from 
the above urine 0-19 g. was recovered with m.P. 222°, and [a]5461 = + 22-4. 
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The precise anatomy of the Hensen’s cells in the cochlea of 
the guinea-pig and its physiological significance. By 
©. 8. (Ferens Institute of Otology, Middlesex Hospital.) 
(Preluminary note.) 


These cells situated to the outer side of the external group of hair 
cells and associated Deiter’s cells form part of the so-called supporting 
elements found in Corti’s organ. : 

The fact that these cells contain fat globules has been known for 
many years. Retzius [1881] represents them as being first described 


Fat Globules 


Apical Coil 


Fig. 2. 


by Hensen. Details as to arrangement, however, are here, as elsewhere, 
lacking. The arrangement found in young adult guinea-pigs is shown 
in the appended camera lucida drawings of osmicated celloidin prepara- 
tions (Figs. 1 and 2). 

It may be described as follows: The fat globules are absent in the 
basal coils, appear first half way round the second coil and show a 
finely graded increase towards the apex where their bulk is considerable. 


Anatomical differences in various parts of the cochlea have played an 


important part in support of the Resonance Theory, in particular the 
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observations of Hensen [1863] regarding differentiation in length 
of the fibres of the basilar membrane, and of Gray [1900] regarding 
differentiation in tension by the spiral ligament. Both appear to 
indicate the presence of tuning mechanisms by which the apex of the 
cochlea is adapted to the lower part of the scale. It is suggested that 
the present observation indicates yet other possibilities, and that in the 
guinea-pig at any rate the arrangement of the fat globules described 


. represents a graduated loading mechanism which works towards the 


same end, #.e. tuning of the apical part of the cochlea to low tones. 
The arrangement of fat globules described does not appear to be 


present at birth although differentiation as regards fibre length in the 


basilar membrane and tension in the spiral ligament are already ac- 
complished. Thus ontogenetically the loading mechanism described 
appears to be the final achievement in the development of tuning 
mechanisms in the cochlea of the guinea-pig if the suggestion made 
regarding the function of the fat globules is acceptable. 


REFERENCES. 
Gray, A. (1900). J. Anat. Lond. 34, 324. 
Hensen, V. (1863). Z. wiss. Zool. 13, 492. 
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Effect of activated charcoal on frog heart perfusate. By E. Davis 


and 8. J. Foitmy. (Department of Physiology, Uniwersity of 
Manchester.) 


A cannula was inserted into the posterior vena cava of the frog, the 
heart was isolated, and perfused with Ringer solution through the 
cannula. The same fluid was continuously re-circulated through the 
heart. Hearts treated in this way would beat up to 36 hours. When 
the contractions were nearly extinguished, activated wood charcoal 


(“Kilarit’’) was added to the Ringer, and circulated through the heart. 


The beat was much accelerated and augmented. The contractions 
resembled those of the fresh heart, and the heart continued beating for 
2 to 21 hours. At the end of the experiments, the charcoal-Ringer solution 
was collected, and the charcoal centrifuged off. The fluid remaining 
stimulated the perfused frog heart and particularly weak hearts. The 
charcoal was eluted with distilled water, Na,HPO,, and NaH,PO,, but 
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the solutions obtained had but little effect upon the perfused heart. 
Slight inhibitory effects were sometimes obtained. 

After acetylcholine had been shaken with “ Klarit” for three hours, 
the inhibitory action of the drug on the heart was slightly reduced. 
A frog heart, perfused with “Klarit” suspended in Ringer ns 
— but to acetylcholine. 
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